Factors controlling etch anisotropy in plasmas. by Robertson, C. J.
1 1 9 4 5 9 7
UNIVERSITY OF SURREY LIBRARY
ProQuest Number: 10131089
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
uest
ProQuest 10131089
Published by ProQuest LLO (2017). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode
Microform Edition © ProQuest LLO.
ProQuest LLO.
789 East Eisenhower Parkway 
P.Q. Box 1346 
Ann Arbor, Ml 48106- 1346
FACTORS CONTROLLING ETCH 
ANISOTROPY IN PLASMAS
0  J Robertson
1990
A thesis presented in partial fulfilm ent of the requirements of the degree of Doctor of Philosophy 
in the Department o f Electronic and Electrical Engineering, University of Surrey, Guildford, 
Surrey, UK.
Copyright C.J.Robertson 1990
ABSTRACT
The use of radio frequency (rf) plasma techniques to produce fine structures of precise 
geometry is widespread in the microelectronics industry. An im portant factor 
influencing the functionality of fabricated devices is the wall angle of these structures. 
In certain applications vertical walls are required - for example to minimise mask 
degradation and maximise gate densities; in others a sloping sidewall is preferred - 
to minimise stress in metal coatings when making electrical contact through ‘via* holes, 
for instance. This fine control cannot be achieved on micron and sub-m icron scale 
devices using conventional ‘wet* chemical processing techniques and has led to the 
adoption of so-called ‘dry* processing techniques using plasmas. Both vertical and 
sloping wall profiles can be produced depending upon the plasma conditions. It is 
apparent, therefore, that a thorough understanding of the processes affecting the etch 
profile is important.
Reactive ion etching (RIE) has been employed to produce micron, and sub-m icron 
size structures in polyimide using an oxygen plasma. Present models of etch direc­
tionality all make the initial assumption that the directional component of the etching 
process can be attributed solely to O2+ ion bombardment of the exposed horizontal 
surface of the wafer driven by the electric ‘sheath* field developed above the electrode. 
Whether species such as 0+  and even multiply charged reactive species such as 0++ 
and 0 +++ can legitimately be neglected in formulating such a model has yet to be 
established. That such multiply ionized species exist, however, is highly probable 
given that plasmas are well known to emit strongly in the ultraviolet. The etching 
system developed to investigate these problems was equipped with diagnostic techniques 
including optical emission spectroscopy, mass spectrometry, and a grid energy analyser. 
The optical emission spectrometer was novel in being capable of measuring emission 
from the far-ultraviolet emission spectrum of the plasma and was therefore able to 
detect the high energy ultraviolet light and the singly and multiply ionised species 
from which this radiation is emitted. Using this technique the role of multiply-ionised 
species in controlling etch anisotropy was investigated.
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Results are also presented, obtained from  a retarding grid, particle energy analyser 
built into the surface of the earth electrode, which indicate increased charged particle 
flux and energy at low pressure providing further information with regard to the 
process dynamics.
The influence of gas pressure and rf  excitation frequency on the resultant etch profile 
have been investigated. Results are presented showing the presence o f doubly-ionised 
atomic oxygen 0++ in the plasma. It is shown in this work that 0++ also has a role 
in etch anisotropy at low pressure. This and other more highly charged species need 
to be considered, therefore, in formulating models of etch anisotropy, etch rate, and 
etch chemistry and reaction mechanisms. The role of ultraviolet irradiation which is 
itself of sufficient energy to induce surface reactions must also be considered.
Ill
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INTRODUCTION
Dry etching techniques are now established in industry as the standard method of 
pattern transfer in m icrofabrication. The complex plasma environment and its 
interaction with etching surfaces, however, is poorly understood despite considerable 
research. This leads to long process development time, poor or erratic yield, and low 
product quality. The previous work is reviewed and the areas of uncertainty derived.
The overall objective of this research was to explore the relationship between externally 
controllable parameters in a plasma etching system (power, pressure etc.), and the 
resultant etch characteristics. Owing to the technical importance of precision etching, 
the etch characteristics principally of interest were anisotropy (or etch directionality) 
and etch rate. The anisotropy governs the fineness of the process and the etch rate 
the efficiency and throughput. The externally varied process parameters were 
principally the gas pressure and applied rf  frequency, but the influence of gas flow 
rate and rf  power was also explored.
The experiments were conducted in a specially designed, parallel plate, rf driven 
etching system using reactive ion etching which involves placing the sample on the 
r f  powered electrode. The system and experimental procedures are described in detail. 
The etching of polyimide in an oxygen plasma was investigated, this system being 
chosen owing to the widespread use of polymers in microfabrication and also because 
of the relatively simple chemistry of the oxygen plasma.
A number of diagnostic techniques have been employed. These include far-ultraviolet 
to visible optical emission spectroscopy, mass spectrometry, a particle energy analyser 
based on a retarding grid system, and rf  current and voltage measurement. The optical 
technique was unique in permitting observation of the light emitted at wavelengths 
far into the ultraviolet. This required the development of a novel slit system providing 
the necessary pressure gradient between the plasma chamber and the vacuum spec­
trometer. The system is described in detail. The use of emission spectroscopy in the 
far-ultraviolet, extending down to 50nm in wavelength, marks a significant departure
from conventional optical emission techniques which commonly extend only as far as 
250nm owing to the intrinsic absorbtion of the optical components, such as windows, 
employed.
The significance of probing the ultraviolet portion of the emission spectrum of a 
plasma is two-fold. Firstly, the radiation emitted in the region from 250nm to 50nm 
is relatively high energy ranging from 5eV to 25eV. Radiation of this energy cannot 
be detected by conventional emission spectroscopy and yet is directly responsible for 
photochemical reactions in surface etching reactions - particularly in the case of 
polymers (Garrison 1985). A second advantage of probing this portion of the elec­
tromagnetic spectrum lies in the fact that the emitted radiation is due to highly 
dissociated species including highly ionised ionic species. It is evident that the presence 
of such m ultiply-charged species must have a significant role in defining etch 
directionality but their influence is conventionally ignored in models of etch anisotropy.
M onitoring of the flux and energy of ionic species to the etching surface is obviously 
fundamental to defining an etch model. An electrostatic, retarding m ulti-grid system 
incorporated beneath the face of earth electrode was developed to monitor these 
parameters but avoiding any perturbation of the plasma associated with conventional 
Langmuir probes immersed in the plasma. In addition, the current and voltage 
waveforms on the driven electrode were monitored, the former parameter being related 
to the flux and the latter parameter to the energy distribution of charged species in 
the plasma.
The thesis is structured as follows. Section 2 presents the background to the etching 
technology and diagnostics techniques used in the experiment and reviews previous 
work in related fields from which useful information can be drawn. The current state 
of understanding of dry etching processes and the undoubted requirement for a better 
understanding of the underlying mechanisms is displayed. This provides the motivation 
and introduction to the work described in the remainder of the thesis.
Section 3 deals with the experimental apparatus. This includes descriptions of the 
plasma etching system itself, the diagnostic equipment used, and also the material 
samples and methods of preparation employed.
Sections 4, 5, and 6 comprise the initial experimental sections. Section 4 describes 
the optical experiments wherein lies the main impact of this work. The optical 
spectrometer system is described together with initial calibration and resolution 
experiments, plasma species identification and endpoint detection. The experiments 
looking at the inter-electrode spatial distribution of emission from identified species, 
gas flow rate, and rf  power effects are also described. Section 5 deals similarly with 
species identification and endpoint detection using mass spectrometry. Section 6 is 
concerned with an explanation of the theory and use of the earth electrode grid 
analyser.
The part of the thesis contained in section 7 is the main experimental section and 
deals with a comprehensive study of etching behaviour as a function of oxygen pressure 
and excitation frequency using all the diagnostic techniques already described. 
Discussion of these results leads to the development of a model for the etch anisotropy 
where the findings of the preceding experimental sections are drawn together.
Section 8 summarises the conclusions of the current research and draws on this to 
make suggestions for future work.
2 BACKGROUND
2.1 Introduction
The semiconductor industry is driven by a continual commercial pressure to produce 
faster and more powerful integrated circuit devices. Not only do smaller devices run 
faster, but they also consume less power and are more reliable than their predecessors. 
In practical terms, this requires the development of new device technologies allowing 
the packing of more and more circuit elements onto the same area of semiconductor. 
The inevitable result of this is that device structures become smaller and more difficult 
to make and so new and improved fabrication techniques are continually being sought. 
Integrated circuits can now be made with of the order of 10^ circuit components 
covering an area of less than 0.5 cm^.
A key process in the fabrication of integrated circuits is the ability to pattern thin 
films of various materials. The materials most frequently encountered in such devices 
are Si, Si02, SigN^, Al, W, metal silicides, III-V  semiconductors (GaAs, InP etc.), 
and various organic polymers. One area of change in recent years has been the gradual 
move away from the use of conventional ’wet’ chemicals for the transfer of patterns 
from masks to underlying layers, towards the use of ’dry’ etching techniques using 
gas discharges, or plasmas as they are more commonly known. The use of plasma 
techniques has allowed the development of device structures far smaller than were 
previously achievable using ’wet’ etching techniques. The development of dry etching 
technology has, however, been driven by manufacturing needs, and fundamental 
understanding of the gas phase and surface chemistry involved has lagged far behind 
(Mayer 1988).
This chapter deals with the fabrication of integrated circuits, defining the need for 
improved etching techniques. The diverse gas phase etching techniques now available 
to satisfy this need are reviewed as are the diagnostic techniques for characterizing 
the plasma process.
The particular area of interest in this work is polymer etching and this subject is 
addressed in detail followed by a review of the current state of understanding of
polymer etching. This background serves to define those areas where improved 
understanding is required and which form the basis of the current work. The concluding 
section outlines the structure of the remaining sections of the thesis.
2.2 Integrated Circuit Fabrication
The fabrication of an integrated circuit involves many process steps as illustrated in 
Fig. 2.1. This diagram illustrates a typical process, in this case employed to fabricate 
high frequency GaAs field effect transistors and known by the acronym SAINT which 
stands for Self-Aligned Implantation for N+-layer Technology. In this example, 
etching processes are used at several stages to transfer the mask pattern into the layer 
(or layers) beneath.
Conventionally, etching is effected by using an appropriate choice of solvent which 
etches the required layer material but not the masking material which should be 
impervious to attack from this solvent. Consider the unetched structure illustrated 
in Fig. 2.2a). Given that the material of the layer to be etched is homogeneous, it 
is evident that a ’wet’ solvent will etch it at the same rate in all directions. That is 
the etch rate normal to the surface of the sample, R y ,  is equal to the etch rate 
parallel to the surface, Rx> Such isotropic etching inevitably produces undercut of 
the mask as shown in Fig 2.2b).
The ratio R x / ^ Y  is called the etch directionality, 6, (Zarowin 1983) and varies from 
a value of zero for a totally anisotropic etch to unity for a totally isotropic etch. Other 
workers (Mogab 1983) prefer to define the degree o f  anisotropy, A f,  which is given 
by = 1 -  Ô .
This mask undercut inevitably results in dimensional degradation of the desired device 
patterns. This effect is of little import where the characteristic dimensions and 
separations of device structures are many orders of magnitude larger than the mask 
undercut (Fig. 2.2b) ). In early integrated circuit fabrication processes this degradation 
was usually provided for by introducing an appropriate amount of compensation to 
the masking layer. As device density increases, however, the lateral dimensions of 
the structures become comparable to thickness of the layer to be etched layer and so
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Fig. 2.2 Etching through a non-erodible mask; a) unetched structure, b) isotropic etching of large structure, c) isotropic etching of micron-scale structure, d) anisotropic etching of micron-scale structure
any undercut of the mask can produce pronounced pattern degradation, as shown in
Fig. 2.2c), whereas a totally anisotropic etch, shown in Fig. 2.2d), is what is required
to give perfect replication of the mask pattern.
Consider the etching of a pattern of lines and spaces of equal size as shown in Fig. 2.3. 
In order to compensate for the undercut of the mask, the latter must be made slightly 
larger and the minimum feature / is given by:
1==^  d f - \ d f ~ d ^ \  . . . .2 .2.1
and substituting in the etch directionality, 6, gives:
Zh f ^ ..,,2 .2.2
■ ' I  ■ d ,
where h f  is the film  thickness. It is evident from equation 2.2.2 that the minimum 
lithographic feature, /, is proportional to the desired feature size, d f ,  with a 
proportionality factor determined by the etch directionality and the aspect ratio of 
the etched feature. It is apparent, therefore, that as dy tends to the resolution limit 
of the lithographic technique employed for generating the mask, ô must tend to zero 
except in the case h f  «  d f  which is not of practical interest for very large scale 
integration (VLSI). In short, as feature sizes decrease a higher degree of anisotropy 
is required.
It is in this context that techniques employing an electrically excited gas as the "dry" 
reactive medium have come into their own owing to their ability to produce the high 
degree of anisotropy required (Horiike 1983). Dry etching processes involve low 
pressure gases which are activated by an electric discharge, forming a plasma consisting 
of electrons, atomic and molecular ions, photons, and radicals. Appropriate species 
react with the device materials to be removed, forming volatile products which are 
then pumped away.
The material to be etched is located on an electrode and an external electric field is 
applied. The ionic species present in the gas are driven toward the surface under the
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influence of this field and impart a directional component to the etching process. 
This etch directionality can be used to control the profile of etched structures and, 
in particular, to reduce undercut of the lithographic mask.
It is the requirement for precise replication of lithography in the underlying layer 
which is the major motivation for increased usage of dry processing for integrated 
circuit fabrication (Reinberg 1981),
2.3 Dry Etching Techniques
2.3.1 Introduction
The use of plasmas in the semiconductor industry first occurred in the 1960’s with 
plasma ashing, or plasma stripping; a technique employed to remove organic materials 
called photoresists, used for optical pattern imaging, by placing them in an oxygen 
discharge (Irving 1968). Oxidation of the hydrocarbon material was brought about 
by dissociation of molecular oxygen to produce active oxygen atoms which reacted to 
form gaseous reaction products including CO2 , CO and H2O which were then pumped 
away by the vacuum pumps.
The creation of the atomic oxygen is brought about by electron impact dissociation;
e + O j - ^ e + O + O
The etching of materials was pioneered by Heinecke in 1973 using a single wafer rf  
reactor (LeCIaire 1979). From this the technology evolved to cover the processing 
most materials used in the semiconductor industry, largely supplanting conventional 
’wet’ processing techniques. In all cases, however, the basic principle of etching the 
material to form volatile products which could be pumped away remains the same.
A variety of gases, pressures and electrode configurations are of course possible and 
many of these are given distinct names. The latter can be classified according to the 
etching mechanism being used as follows (Fonash 1985):
1. Physical Etching
All dry etching is achieved by one of the four mechanisms shown in Fig. 2.4, Physical 
etching, shown as mechanism 1 of the figure, simply uses the impact of oncoming 
ions created in the glow to sputter material from the surface being etched. It is highly 
directional (anisotropic) but not very selective since all materials can be sputtered. A 
chemically inert plasma is used and the inert ions are directed towards the etch surface 
to give line-of-sight bombardment.
2. Chemical Etching
Chemical etching (mechanism 2) occurs when a chemical reaction takes place on the 
surface to be etched between an active species created in the plasma and the specimen 
material. Ideally the product of this reaction should be volatile so that this can be 
pumped away in the effluent gas so revealing a fresh surface to the reactants. The 
mechanism is analogous to that occurring in any ’wet’ chemical process and similarly 
produces isotropic etching (except under certain conditions in crystallographic 
materials) and is highly selective. This mechanism does not involve any physical 
bombardment of the surface.
3. Chemical-Physical Etching
Mechanism 3 shows that the chemical and physical effects can combine synergistically. 
The way in which these effects interact depend on the gas/solid system concerned 
and the etching conditions and can involve: chemical weakening of bonds to enhance 
physical sputtering; damage enhanced chemical reactivity; or, ion bombardment 
providing energy to a chemical reaction at the surface.
An illustration of the effect of ion-assisted chemical etching is given in Fig. 2.5. Here 
the etch rate of silicon is shown, firstly when exposed to the reactive gas XeF2 , then 
when exposed simultaneously to XeF2 and an ion beam of 450eV Ar+, and lastly to 
the Ar beam alone. It is evident that the combination of chemical reaction and ionic 
bombardment is synergistic since the sum of the individual etch rates when using each 
of these techniques individually is much less than etch rate obtained when they are 
used together (Coburn 1986).
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Fig. 2.4 Mechanisms involved in dry etching
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This mechanism can be further complicated in some systems by the formation of a 
passivating, chemically inert layer on the etched surfaces. This film may be used to 
advantage in some circumstances by preventing chemical attack of surfaces not exposed 
to ion bombardment, such as the sidewalls of etched structures, thereby increasing 
the anisotropy of the process.
4 . Photo-Chemical Etching
Photo-chemical etching (mechanism 4) is driven by photons, either emitted from the 
plasma, or produced in isolation and, consequently, produces directional etching which 
can be selective since the photochemistry is material dependent. Conversely the 
photons can also cause direct interactions in polymers producing either cross-linking 
or chain scission, thereby inhibiting or enhancing the etch rate. Photons in the plasma 
can also interact indirectly with the surface by the excitation of gas phase species.
The electrode configurations of several dry etching processes are illustrated in Fig. 2.6 
and a review of the more prominent of these techniques is given in the following 
sections.
2.3.2 Plasma Etching
The term plasma etching is often used as a generic term to describe all forms of 
etching process in a plasma, but is also more specifically applied to processes where 
the sample is at, or near, ground potential. Many types of reactor fall into this category 
from barrel reactors, where the sample is placed in the bulk of the plasma, to parallel 
plate systems where the sample is placed on the ground electrode. Plasma etching is 
often taken to represent the pure case of chemical reaction, where the plasma serves 
merely as a source of reactive neutral species which react with the sample surface to 
form volatile etch products. In practice, however, the plasma potential can be high 
under certain conditions and, therefore, physical effects such as ion bombardment 
often play a role in the etch process.
Plasma systems are invariably driven by high frequency power supplies, usually at 
13.56MHz. The use of rf  allows the etching of insulating materials, which would,
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Fig, 2,6 Dry etching process electrode configurations
10
under d.c. conditions, accumulate a surface charge and extinguish the discharge. In 
practice, an excitation frequency in excess of about lOOkHz is needed to produce a 
continuous discharge.
A schematic diagram of a parallel plate system is given in Fig. 2.7. The rf  power is 
coupled to the driven electrode via a matching network and a blocking capacitor. The 
purpose of the coupling network is to match the output impedance of the generator, 
typically 50D , to the plasma impedance, which may be only a few ohms; thereby 
maximising the power dissipation in the plasma and protecting the generator.
Plasma etching systems are generally operated at relatively high pressures ranging 
from 10~^ to 101 T and under these conditions are usually characterized by low 
anisotropy (since both the sheath field above the grounded electrode and the mean 
free path are small), and low etch rate.
2.3.3 Reactive Ion Etching
Reactive ion etching (RIE) is a process which combines energetic ion bombardment 
with chemically active reactions to achieve highly selective, anisotropic etching. RIE 
is obtained by placing of the etch specimen on the rf  driven electrode. In a conventional, 
ac coupled electrode system, the driven electrode attains a negative bias at which the 
current of (positive) ions and electrons reaching the electrode balance exactly. This 
bias is always negative owing to the higher mobility (lower mass) of the electrons. 
Thus, in an RIE system the potential gradient in the sheath above the wafer is 
considerably higher than in a plasma etching system. This fact, in combination with 
the lower gas pressures (longer mean free paths) commonly employed in RIE (10“3 
to 10“ I t ) ,  is responsible for the highly anisotropic etch profiles that can be produced 
using this technique. It is the precise control of etch profile achievable using RIE 
which is the main reason for its widespread use in semiconductor fabrication. A good 
example of this fine control is given by Pang (1988) where anisotropic structures with 
line widths of 60nm were fabricated using RIE, and ion beam techniques, and also 
in the review by Lehmann (1988) which touches on the fabrication of multiple quantum 
well structures consisting of 35nm diameter columns on 80nm centres.
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uThe application of RIE to produce finely controlled structures has not been limited 
solely to the microelectronics industry but has also been used successfully for the 
fabrication of integrated optic devices. As an example, Yamada, Ito and Inaba (1985) 
reported the fabrication of cylindrical columns, diameter 30pm and height approxi­
mately 20pm with vertical walls, in GaAs using a gas mixture of Ar and CI2 with a 
selectivity o f 4:1 to AlGaAs and 70:1 to Si02. Single mode waveguides and modulators 
in GaAs for operation at 1.3pm have also been fabricated (Buchmann 1984). Work 
on the fabrication of integrated optic devices including spectrum analyzers, Michelson 
interferom eters, and wavelength multiplexers /demultiplexers in silicon has also been 
reported (Valette 1989).
RIE can be used not only for the fabrication of extremely fine structures but also in 
some circumstances for relatively gross etching. Hilton and Woodward (1984) reported 
the etching of holes through the full thickness of GaAs wafers using CCI2F2 . The 
etch characteristics were crystallographic but it was possible to control the anisotropy 
of the process by controlling the gas pressure.
Reactive ion etching has also been used in combination with laser irradiation to provide 
local enhancement of etch rate. Tsukada et al. (Tsukada 1984) reported the use of a 
frequency doubled, Q-switched Nd:yttrium -alum inium -garnet laser focussed to a spot 
diameter of 8 0 -100pm to promote the etching of GaAs in a CCI4 /H 2 plasma. Etch 
rate enhancements of more than ten times over conventional RIE were reported, and 
more than one hundred times over laser-assisted downstream etching. They concluded 
that the primary mechanism for the etch rate enhancement was laser assisted 
vaporization of the reaction product species by localized heating of the sample surface. 
This conclusion was suggested by the fact that the diameters of the etched holes 
(30-40pm) were much less than the laser spot diameter. If, by contrast, the reaction 
were chemically activated by molecular vibrational excitation with laser beams, the 
diameter of the etched hole would be larger than the spot size since the radicals created 
could diffuse randomly from the point of creation to cause etching beyond the region 
irradiated by the laser.
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Laser-assisted reaction has also been demonstrated in silicon etching using a 2W, 
argon-ion laser and a gas mixture of CF4 and O2 (Reksten 1984)., and in the production 
of submicron structures in polyester. Te, and Si02.
A major disadvantage of RIE is the possibility of damage (which degrades device 
performance) through the bombardment of the surface by the energetic species which 
also produce high anisotropy. This damage can be radiation or ion induced and consists 
of a layer near the surface which may be amorphous and contain defects such as 
vacancy-complexes, dislocation loops, bubbles or implanted ions. Layer intermixing 
or preferential etching of compound materials can induce additional problems caused 
by stoichiometry modification.
Damage to both Si and GaAs has been reported which increased with driven electrode 
bias voltage (Pang 1984). Surface contamination of Si with Cl after etching in CCI4 
has been demonstrated using XPS and that this contamination causes lattice disorder 
has been shown using RBS^ (Semura 1984). Both the contamination and damage 
extended several atomic layers into the surface. The thickness of this damaged layer 
was reduced by addition of H2 to the gas but with a concomitant decrease in etch 
rate.
Another reported damage mechanism is electrical breakdown. This effect has been 
observed in thin insulating gate oxides during RIE and is caused by accumulation of 
charge deposited on the gate from the plasma (Rydén 1987). The effect was found 
to occur only in low frequency or dc discharges and was the more pronounced when 
the wafer was placed on the driven electrode.
Surface damage can be minimized by reduction of the energy of the ions reaching 
the surface. This can be done by lowering the rf  power, or increasing the rf  frequency.
Damage caused by 193nm excimer laser irradiation inducing neutral electron traps in 
the Si02 film of a MOS capacitor has also been reported (Sekine 1986). RIE induced 
traps were not annealed out, even at 900°C. The generation of these persistent traps 
in gate material etching is a significant disadvantage of RIE.
1 R utherford Backscattering
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2.3,4 Microwave Plasma Etching
The use of electrodeless microwave discharges for plasma processing applications falls 
into two categories; magnetically confined plasmas, and plasmas generated in microwave 
resonant cavities. Compared with rf  plasmas, microwave discharges have relatively 
higher ion and radical densities (-SxlO^^cm '^), lower sustainable operating pressures, 
and lower dc bias voltages (~50V).
The electron cyclotron resonance (ECR) etcher falls into a grey area between in-situ  
and downstream etching (see section 2.3.6). In such a system, illustrated in Fig. 2.8, 
the discharge is maintained in a separate cavity (which may or may not be resonant) 
surrounded by magnets. The sample may be placed in the plasma or the ions may be 
extracted either by using the divergent magnetic field present, or by the use of an 
additional biased grid, and then directed onto an external sample. A microwave 
discharge (typically at 2.45GHz) is employed in order both to confine the electrons 
and to increase the ionization efficiency of the plasma. Owing to this high ionization 
efficiency, the plasma can be maintained at pressures as low as lO '^T  and produce 
electron number densities in the range 10  ^  ^ to 10^2 cm“3. The mean free path of 
ions in the system under these conditions is long and the ions can cross the sheath 
present at the sample without undergoing collisions. The ions are consequently highly 
collimated and move in a direction normal to the surface even at low accelerating 
potentials. As a result the plasma directed ions can have quite low kinetic energies 
(~20eV), which is sufficient to provide anisotropic etching with less likelihood of 
damage than in RIE (Cook 1987) and this prospect of low damage is the one of the 
major factors driving ECR development (Mantei 1987).
A variant of the magnetically confined system just described is the multipolar reactor. 
These systems use rows of permanent magnets around the reactor chamber in an 
alternating north pole -  south pole arrangement, resulting in a magnetically confined 
plasma.
Microwave etching of many semiconductor production materials has been demonstrated 
(Rees 1986, Hopwood 1988). Specifically, Lamontagne et al. (1987) investigated 
O2/C F 4 microwave etching of polyimide in a large-area reactor using a moving sample
Microwave Power
Gas in N /
Magnets
Resonant Cavity
Sample
Vacuum System
Fig. 2.8 Schematic of electron cyclotron resonance etcher
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stage to provide large area (700 cm^) etch uniformity. They cited Heidenreich et al. 
(1986) who obtained polyimide etch rates in microwave discharges substantially higher 
than in 13.56MHz systems under comparable conditions.
The prospect of high etch rates and low substrate damage in combination with the 
ability to isolate the substrate from the plasma and, therefore, provide some independent 
control of etching conditions suggest that the use of microwave techniques will increase.
2.3.5 Ion Beam Techniques
In ion beam etching (or milling), the ion source is usually a magnetically confined 
discharge that is physically separated from the substrate by a set of grids. The grids 
are biased so as to extract an ion beam (typically Ar+) from the source as shown in 
Fig. 2.9. Ion voltages exceeding 500V are required for practical beam current densities 
(^ Im A /cm ^). Usually the beam is well collimated, so that the angle of incidence can 
be controlled by tilting the substrate holder. A hot filament emitter is placed in the 
beam to produce low energy electrons to neutralise the ion beam.
Ion beam milling is a physical sputtering process, similar to sputter etching, using a 
chemically inert gas such as argon, but operating at a much lower pressure, typically 
10"^T. Consequently, the technique offers high anisotropy (owing to the long mean 
free path) and, since the beam energy and composition can be controlled, is less 
complicated than plasma systems. Selectivity, however, is low and has limited 
applications in VLSI technology.
Reactive ion beam etching (RIBE), or reactive ion stream etching (RISE) as it is also 
called, uses similar equipment to ion beam etching but employs gases similar to those 
used in RIE in the ion source to produce a beam of reactive ions. Etch rates approaching 
those in RIE systems have been demonstrated. Using a beam of oxygen ions, etch 
rates of photoresist as high as 200nm /m in have been achieved and structures with a 
40nm linewidth in 0.2pm thick polyimide have been fabricated (Castellano 1984).
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RIBE has been applied to materials based on both silicon and III-V  technology. Heath 
(1982) and Mayer (1982) demonstrated etching of Si02 using fluorocarbon gases and 
Asaka (1985) reported the use of RIBE to produce 0.5pm wide by 7pm tall anisotropic 
structures of GaAs using a CI2 plasma as the ion source.
Dzioba and Naguib (1982) used optical spectroscopy to observe the emission of 
ultraviolet and visible photons from sputtered excited particles during the RIBE of 
silicon and aluminium by ion beams derived from Ar, CF4 , and CCI4 . They concluded 
that at energies below about 500eV, RIBE was mainly characterized by the sputtering 
of molecules adsorbed on the bombarded surface (AlCl using CCI4 , and SiF using 
CF4). At higher energies, the etching was dominated by the sputtering of elemental 
atomic species. It was also found that the addition of small amounts of O2 to the 
chamber enhanced the etch rate which was attributed to the removal of a car­
bon-containing layer formed on the substrate surface as a result of ion-im pact dis­
sociation of the bombarding species (CF4 and CCI4).
Another variant of ion beam etching involves the introduction of a chemically active 
gas into the etch chamber of an either inert or reactive ion beam system. This technique 
is called chemically assisted ion beam etching (CAIBE). Unlike IBE or RIBE, CAIBE 
does permit some control of the etch directionality since the presence of the reactive 
gas introduces a chemical (isotropic) etching mechanism which gives greater process 
flexibility.
CAIBE allows relatively independent control of the chemically driven (isotropic)
component of the etch process by varying the reactive gas partial pressure. Similarly
bathe physical (anisotropic) component can^controlled by varying the ion beam energy 
and current. This technique has been used to etch Si, GaAs, and many other materials 
with controlled etch profiles, from isotropic to anisotropic, at dimensions below 0.5pm 
(Chinn 1984).
The use of ion beams allows direct control of etch process parameters such as etchant 
composition, energy and flux, unlike plasma systems where measurement and control 
of these parameters is indirect and frequently inter-dependent. Etch rates tend to be
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lower than those achievable in plasma systems which limits widespread application, 
and damage caused by ion bombardment similar to that produced in plasmas can also 
occur.
2.3.6 Plasma Effluent Etching
Plasma Effluent, or Downstream, etching involves placing the sample downstream of 
the plasma; that is, between the plasma generating system and the vacuum pumps. 
This physical separation of plasma from the surface has the advantage of avoiding 
the damaging effects of irradiation and bombardment by plasma species, but at the 
expense of etch rate and anisotropy. Since ion bombardment is a prerequisite of 
anisotropic etching, such process steps must be used only with care at those stages in 
fabrication where damage will cause degradation of device performance (Dieleman 
1984). In these circumstances, non-damaging processes using techniques such as 
downstream etching may be used.
An extension of the downstream etching technique, which involves both reactive 
plasma species and photochemistry, is given by Ashby (1984). In this example, a 
GaAs sample was placed downstream of a CI2 plasma. The surface was irradiated 
with a low intensity laser at a frequency just sufficient to excite electrons across the 
band gap. This technique was demonstrated to greatly enhance the etch rate through 
a photochemical rather than a thermal mechanism and could be used to introduce 
some anisotropy into an, otherwise, isotropic process.
2.3.7 Summarv
The following table summarises some of the dry etching techniques used and indicates 
the dominant etching mechanisms involved in each process (Fonash 1985):
17
Dry Etching System Mechanism Pressure  
RangeIT]
E lectrode  Arrangement Sample Location Power
Barrel Etching or 
Tunnel Etching
Chemical I q- I - iqO Coil or e le c tro des  ou ts ide  
vessel
In rack in  plasma; 
sample e l e c t r i c a l l y  
f lo a t in g
RF
Downstream or E f f lu ­
ent Plasma Etching
Chemical 10"1-100 Coil or e lec trod es  ou ts ide  
vesse l
In rack downstream of 
plasma
RF or 
Microw 
ave
Plasma Etching Chemical
or
chemical-
physical
Planar diode On grounded e lec tro d e RF
S putte r  Etching or 
Ion Etching
Physical 10'2-10*1 Planar diode or c y l i n d r i ­
ca l  (hexagonal) diode
On driven  e lec tro de RF
Reactive Ion Etching 
(RIE)
Chemical-
physical
10-3-10*1 Planar diode or c y l i n d r i ­
cal (hexagonal) diode
On d riven  e lec tro de RF
Magnet i c - Conf i nement 
(Magnetron) Ion 
Etching (MIE)
Physical 10-3-10-2 Planar diode or c y l i n d r i ­
ca l  diode with magnetic 
f i e l d  confining plasma 
near cathode
On driven  e lec tro de RF
Magnet i c-Conf i nement 
Reactive Ion Etching 
(MRIE)
Chemical-
physical
10-3-10-2 Planar diode or c y l i n d r i ­
ca l  diode with magnetic 
f i e l d  confining plasma 
near cathode
On driven e lec tro de RF
Triode Etching Chemical-
physical
10-3-10*2 Triode On platform e lec tro de RF or 
DC
Ion Beam Etch­
ing/Mi I ling (IBE)
Physical Planar t r io d e On grounded e lec trod e DC
Reactive Ion Beam 
Etching (RIBE)
Chemical-
physical
-10"4 Planar t r io d e On grounded e lec tro de DC
Chemically A ssis ted  
Ion Beam Etching 
(CAIBE)
Chemical-
physical
-10-4 Planar t r io d e On grounded e lec tro de DC
Microwave Etching Chemical-
physical
10*5-10*2 Magnetically confined or 
resonant c av i ty
In plasma or down­
stream
Microw
ave
Photon-assis ted
Etching
Photo- 
chemi caI
Conf i gura 
t io n
dependent
Usually not e l e c t r i c a l l y  
d r iven
Usually not e l e c t r i ­
c a l l y  d riven
NA
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2.4 Diagnostic Techniques in Plasmas
2.4.1 Introduction
In this section, the various diagnostic techniques available to plasma and etching 
conditions are reviewed. For the sake of clarity, detailed treatment of those techniques 
not employed in this current research is to be found in Appendix C. Thus, the subjects 
of optical emission spectroscopy, mass spectrometry, and electrostatic probes are 
covered in full in this section, while the techniques of laser induced fluorescence, 
optical interferom etry, microwave interferem etry, paramagnetic resonance, plasma 
impedance measurement, temperature measurement, quartz crystal microbalance, 
chemiluminescence, absorption spectroscopy. Stark, Raman and photoelectric spec­
troscopy are reserved for the Appendix.
2.4.2 Optical Emission Spectroscopy
Optical emission spectroscopy is a non-invasive technique based on the detection of 
the light emitted by radiative relaxation from electronically excited states of plasma 
species. These species might be components of the original plasma gas or products 
of an etching reaction. The cessation of emission from these reaction products provides 
a convenient method of determining the end point of etching reactions.
Optical emission has been used in many plasma etching systems including; CF4 -O 2 , 
C2F6-O 2 , C3F 3-O 2 , and CF4 -H 2 etching of Si, poly-Si, Si02 and SigN4 (Coburn 
1980, Hirobe 1980, Harshbarger 1977, Field 1984, Field 1982, Klinger 1979), O2 
etching of polymers (Barnes 1978, Greene 1978), A1 in CCI4 (Tsukada 1979, Curtis 
1979), and other more esoteric materials such as Nb and Au (Greene 1978).
Three detection methods are commonly used. The first technique is to pass the 
radiation from the plasma into a monochromator, where the light is dispersed into 
its component wavelengths by means of a grating and then focussed onto the exit slit 
of the monochromator. The detector is normally a photomultiplier tube. The light 
may be focussed before passing into the monochromator (Harshbarger 1977, Barnes 
1978, Tsukada 1979, Klinger 1979) or chopped to allow phase sensitive detection of 
the signal with the resultant improvement in signal to noise (Tsukada 1979, Klinger
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1979). Another variant of this type of detector uses a double beam system (Tsukada 
1979), half of the light passing through the monochromator, and half through a narrow 
band-pass filter. Again this system provides reduction in background noise.
The majority of the systems used operate only from the near ultraviolet into the visible 
since the use of windows between the source and detector obviously completely 
attenuates any light below the cut o ff of the window material (approximately 2500Â 
for quartz). Vargin (1974) described one of the few studies conducted in the vacuum 
ultraviolet.
The main advantages of monochromator-based systems are high sensitivity and 
wavelength resolution (<lA) allowing detailed examination and assignment of the 
spectra. Set against these advantages is the slow acquisition time for each spectrum 
(typically several minutes) which severely restricts any temporal measurements except 
at a single wavelength.
The second type of detector system used is based on linear arrays of charge coupled 
devices (CCDs) (Coburn 1980, Cox 1987, Rowe 1985). These devices, known as 
Vidicons, replace the photomultiplier as the detector. The complete spectrum from 
the plasma is projected onto the CCD array (i.e. the slits of the monochromator are 
removed) allowing virtually parallel data acquisition. Several spectra per second can 
typically be recorded. This system is, therefore, particularly useful for monitoring 
trends in real time. The main disadvantage of Vidicons is the poor wavelength 
resolution (typically >5Â to 15Â). There is also a fairly obvious trade o ff between 
resolution, number of pixels in the array, spectral range, and data acquisition time.
The third, and simplest, type of detector comprises simply a filter and photodiode 
(and sometimes a fibreoptic bundle or quartz rod to sample the plasma) (Harshbarger 
1977, Curtis 1979). Such devices may be used singly, or as a pair with one detector 
having a filter which passes radiation from a species which plays some part in the 
etch reaction, the other having a filter which admits a background radiation signal to 
compensate for plasma emission changes due to power fluctuations etc.. These are 
relatively easy and cheap to implement as on-line monitors in production processes. 
Endpoint monitors of this type are available commercially (Singer 1988).
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Optical emission spectroscopy has been used to map the spatial variation of species. 
Essentially two types of technique are used. The first is simply to move the spectrometer 
system with respect to the plasma to map the emission spatially. An example of this 
is given by Gu (1988) and by Barnes (1978) where, in the latter case, the chamber is 
mounted on an X -Y  translation stage to map the emission from an oxygen discharge. 
The second technique is to insert a waveguide into the plasma to sample emission 
locally. It is evident that this method is highly specific but care must be taken in 
accounting for perturbation of the plasma by the probe. Field, Hydes and Klemperer 
(1982, 1984) used a quartz rod as the probe to map the distribution of the species F, 
F+, CO and CO+ during the etching of Si and Si02 in CF4 -O 2 .
Several workers have used optical emission to probe the mechanisms involved in 
etching reactions. Field et al. (1982) and Mogab et al. (1978) studied the etching of 
silicon in CF4 -O 2 , Harshbarger correlated optical emission from N2 with ion energy 
and electron temperature and related this to changes in the morphology of sputtered 
silicon surfaces (Harshbarger 1977). Cox et al. (1987) correlated the variation in 
intensity of Ar* at 4702.32Â (4 s ’[ l /2 ] ° < - 5 p [ l /2 ] )  with the average electron energy 
(measured using an rf  compensated probe). This work is discussed further in section 
2.4.5.
Apart from its obvious use in plasma species identification, optical spectroscopy can 
also be used to identify improper operation of the plasma. An illustration of this was 
given by Harshbarger et al. (Harshbarger 1977) who monitored the suppression of 
optical emission between 300 and 900nm in a CF4 -O 2 plasma caused by water con­
tamination.
The major drawback of optical emission spectroscopy is the difficulty in relating the 
measured intensities to the absolute concentrations of the species present. Cox (1987) 
pointed out that most plasma species are present in their ground electronic states, 
whereas optical emission looks at the radiative relaxation of minority excited states. 
He also noted that since electron densities present in a plasma are -10^^ m"3, it 
should be possible, to a first approximation, to describe the plasma by a Corona
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equilibrium model rather than by Local Thermodynamic Equilibrium  models which 
are more appropriate to electron densities above 10^2 m“3. The following derivation 
is taken from their paper.
In a Corona model, the excited states are formed by direct electron impact on ground 
state species (O):
O+Q—^Oj + s ....2.4.1
where O* represents an oxygen atom in electronic state i. The model then assumes 
radiative de-excitation of this species, so:
Oj —>Oy+/lV^y ....2.4.2
where hv,y represents the energy of a photon arising from transition i y in the atom. 
The measured intensity /  ^  of the latter transition in species S is given by:
....2.4.3
where C is a geometric constant relating the observed intensity to the total photon 
flux emitted at frequency v,y, is the concentration of ground state species, mg is 
the electronic mass, and the integral represents the sum of the product of the mean 
electron flux incident on ground state species S and the emission cross-section (o^(6 )) 
for a photon (energy hv,j)  over all energies (e).
It is apparent that in order to monitor the change in it is necessary to know also 
the variation of / ( e >  An approximate method, which takes into account this variation 
is called actinometry. In this technique a small, known concentration, of a 
chemically inert species B is introduced into the plasma, such that a transition p  g 
has an excitation cross-section with a similar dependence to that of the transition i y 
in the species of interest, S. In this case, taking the ratio of the intensity functions 
(equation 2.4.3) for each of the two transitions, the integral terms cancel each other 
leaving:
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Les ce— ....2.4.4
As is known, it should be possible to determine the relative variation of with 
plasma conditions.
This technique was first introduced by Coburn and Chen (1980) to monitor the variation 
of [F] (6856Â and 7037Â) with the composition of a CF4 -O 2 plasma using the argon 
line at 7054Â for actinometry.
A fundamental assumption of the Corona model is that the excited species is produced 
solely by electron impact (equation 2.4.1). In certain cases, particularly for molecular 
species, this criterion does not obtain. As an example, in an oxygen plasma it has 
been found that excited oxygen atoms are also formed by dissociative excitation:
O2 + 6 —) O + 0  + 6 ....2.4.5
This excitation route dominates for [0]/[02]<0.05, in which regime the normalized 
oxygen emission at 7774Â becomes proportional to the concentration of O2 rather 
than O.
In summary, optical emission is a frequently used technique for endpoint detection 
and diagnosis in the visible and near ultraviolet. It has the great advantage of being 
completely non-invasive and provides unambiguous information on excited species 
present. It is also relatively easy to implement since it only requires a viewing port 
on the process chamber (except for spectrometers working in the far ultraviolet which 
also require modification of the vacuum system). The technique can be used to gain 
spatial information on species distribution and also temporal changes in composition 
which may be used for process control. On the negative side, optical emission spectra 
are complex and difficult to interpret. Also, since the emission is from excited species, 
it is necessary to have a model relating the measured intensity to the ground state 
concentration of that species. The relative concentration of species can be measured 
using techniques such as actinometry but absolute concentration measurements are 
seldom made.
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2.4.3 Mass Spectrometry
Mass spectrometry is a frequently used technique in dry etching. At its most basic 
it can be used merely as a check on process contamination or for vacuum leaks. More 
sophisticated downstream sampling techniques have been employed, however, either 
for endpoint detection (an example in the etching of Si02 can be found in Oshima 
(1981)) or for more sophisticated measurements relating etching conditions and 
mechanisms to gas phase concentration of species (Mogab 1978, Flamm 1980, Lehmann 
1981). While mass spectra are easy to acquire and the species easy to identify, this 
type of sampling technique does not measure directly those species which are present 
in the plasma. During their passage to the mass spectrometer the molecules can undergo 
further reactions with other gas phase species or recombine on the walls of the sampling 
tube. On reaching the quadrupole detector the molecules are then ionized and can 
be cracked into smaller components further confusing the spectrum by producing 
species not actually present in the process chamber.
In order to avoid or minimize some of these drawbacks, several workers have adopted 
an alternative system configuration. A schematic of a typical system is shown in 
Fig. 2.10. The differentially pumped mass spectrometer samples the plasma through 
an orifice in the earth electrode or chamber wall. Ionized particles passing through 
the orifice are collimated, and electrons are separated out using an arrangement of 
electrostatic and magnetic focussing lenses before passing into a quadrupole mass 
spectrometer. No particle ionization occurs in the mass spectrometer (except when 
required to detect neutral species) and, since the plasma- to-detector distance is smaller 
than in downstream sampling, recombination is minimised.
This type of system is commonly called a glow discharge mass spectrometer (GDMS) 
and has been used by several groups to detect neutral and both positively, and negatively 
charged species and, in the case of the ionized species, to measure their energy 
distributions by biasing one of the focussing grids (Vasile 1973, Alta 1985). The drift 
velocities of negative ions have also been measured in a number of gases using time
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resolved mass spectrometry in which a pulse biased grid was used as a shutter (Fujii 
1981). These measurements have been used to help elucidate ion-molecule reactions 
and energy transfer mechanisms.
It is evident that mass spectrometry is an extremely useful tool in plasma diagnosis 
but interpretation can be difficult since the technique cannot measure the plasma 
directly. Its use as a detector of endpoint outside the research laboratory is limited 
mainly to leak and contamination measurement owing to the expense and difficulty 
in incorporating this relatively intrusive piece of ultra-high vacuum equipment into 
process equipment.
2.4.4 Electrostatic Probes
The use of electrostatic probes for measuring the properties of plasmas directly was 
developed by Langmuir and M ott-Smith as early as 1924 (Chen 1965) and consequently 
are often referred to as Langmuir probes. An electrostatic probe is simply a small 
metallic electrode, usually a wire, immersed in the plasma. The probe is attached to 
a power supply capable of producing a bias potential either positive or negative with 
respect to the plasma, and the current collected by the probe then provides information 
about the properties of the plasma and, in principle, it is possible to derive the densities 
of charged particles and their energies.
In practice, however, this invasive technique perturbs the plasma since the probe 
draws a current from the plasma. The electrode acts as a boundary to the plasma, 
and the condition of quasi-neutrality in the bulk of the glow no longer holds. As a 
result a sheath forms around the probe, just as around the electrodes, in which the 
ion and electron densities can differ introducing complicating factors which make the 
data unreliable and its subsequent analysis complicated. Firstly, the effective current 
collecting area of probe is not its geometric surface area but rather the area at the 
interface between the probe sheath and the plasma. Moreover, the thickness of this 
sheath is also a function of the probe potential (Chapman 1980). For a plane electrode, 
this change in sheath thickness does not affect the effective area of the electrode 
significantly (except at the edges). For a cylindrical electrode, however, the effective
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surface area will vary with sheath thickness and, of course, this effect will be the 
more significant for smaller diameter probes which are used to minimise the current 
drain to the probe from the plasma.
A second problem is that of secondary electron emission from the probe itself generated 
by ion, electron or photon impact which may heat the probe but will also appear as 
an additional apparent current to the tip. Electron impact ionization may also occur 
in the sheath region, again contributing to the current flow. A further consideration 
in chemically active plasmas is probe contamination although this can be minimised 
through the choice of probe materials appropriate to the etch chemistry. Contamination 
is a particular problem where semiconducting or insulating materials are exposed to 
the plasma owing to the possibility of coating the probe. Similarly, the same problem 
can arise in plasmas which can deposit insulating polymers onto the probe surface 
(Chapman 1980). These effects are generally manifested as hysteresis of the variation 
of the probe current with applied voltage.
A further illustration of the difficulty in making meaningful probe measurements is 
given by Nam et al. (1988) who report that a Langmuir probe can take three different 
floating potentials in plasmas produced by a hot filament discharge in a m ulti-dipole 
magnetic device when the primary and secondary electron currents (produced by 
electron and ion bombardment) are comparable. The measured floating potential was 
found to depend upon the initial condition of the probe -the most negative and the 
least negative potentials were found to be stable while the intermediate value was 
found to be unstable.
An example of a typical probe current-voltage characteristic is shown in Fig. 2.11. 
The characteristic can be divided into three regions. At an applied voltage of Vp, 
the probe is at the same potential as the plasma (the plasma or space potential). There 
are no electric fields at this point therefore the charged particles migrate to the probe 
surface because of their thermal velocities. Since electrons move much faster than 
ions, owing to their lower mass, this current is negative. If the probe voltage is now 
raised positive relative to the plasma, electrons are accelerated towards the probe and 
positive ions are repelled. This region (A) is called the electron saturation region.
I
I
II
Iu
oo'\Z
26
Biasing the probe negatively relative to the plasma potential now causes electrons to
bebe repelled and positive ions to^attracted in the transition region (B) of the characteristic 
until at a potential V f,  called the floating potential, the current flux of electrons and 
ions is equal and the probe draws zero net current. As the probe potential continues 
to be biased more negatively, so almost all the electrons are repelled from the probe 
and the saturation ion current region (C) is entered.
An exhaustive discussion of probe theory is given by Chen (1965) but in the case of 
a Maxwellian electron velocity distribution in the glow, the current-voltage char­
acteristic for zero and negative bias is given by:
kT V  -...2.4.6
V  :
where A is the probe surface area, e is the magnitude of the electronic charge, kTg 
is the mean electron energy, and m and M  are the mass on an electron and the (singly 
charged) ion mass; Hq is the quasi-neutral density where the potential V  is zero. The 
coefficient 13 is a model dependent correction factor (of order unity) to the plasma 
density near the probe (Braithwaite 1987).
If the electron energy distribution is indeed Maxwellian, the electron temperature, 
Te, is obtained from the slope of a plot of ln(I) against V as shown in Fig. 2.12 and 
is given by:
d 6 ....2.4.7Sl o p e - — —
Any departures from linearity for this plot are indications of a non-Maxwellian 
distribution. The electron number density (n^) is obtained from the electron current 
Uo) at the plasma potential from:
. . ....2.4.8
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One of the major problems involved in the use of Langmuir probes in an rf  plasma 
is that the rf  causes significant distortion o f the characteristic. The use of a tuned 
filter to remove rf has been explored (Deshmukh 1988) and also the use of sampling 
of the probe current and voltage synchronously with the r f  voltage to give a 
time-averaged probe characteristic (Anderson 1988). The temporal evolution of the 
plasma parameters is then obtained by varying the time delay of the sampling circuit.
More recently an rf-com pensated probe technique has been employed to minimise 
this distortion (Braithwaite 1987). This technique involves superimposing an rf  potential 
of the same frequency, amplitude and phase as the rf  component of the plasma potential 
at the location of the probe onto the dc probe potential. An effect of the rf  component 
of potential between the probe and the plasma is to shift the floating potential more 
negative with respect to the plasma. Consequently, the criterion for phase adjustment 
of the superimposed signal on the probe is to adjust the phase until the probe potential 
attains its most positive value. With the probe well matched in this way a ’dc’ probe 
characteristic with minimal distortion by the rf  is obtained allowing the use of dc 
probe theory.
This technique has been used to measure the electron energy distribution in an Ar 
plasma at 13.56MHz (Cox 1987) using the detection circuit shown in Fig. 2.13. In 
these experiments it was found that the electron energy distribution was not well 
represented by a Maxwellian distribution at low pressure (below 20mT) and the average 
electron energy for constant power also increased at low pressure. Using the 
non-invasive technique of optical emission spectroscopy it was shown that the average 
electron energy, which increased from 3.5 - 5.3eV above 20mT up to 8.5eV at 5mT, 
correlated with variation in optical emission at 4702À (atomic Ar). This was accounted 
for by the presence of an increasing fraction of higher energy electrons at the lower 
pressure. In addition, the intensity of 4806À (Ar+) was found to increase more rapidly 
with decreasing pressure than the atomic line at 4702À indicating an expansion of the 
high energy tail of the electron energy distribution function as the pressure is reduced 
and confirming the non-Maxwellian distribution at low pressure.
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Maundrill et al. (1987) have employed an rf-driven probe at 13.56MHz in the gases 
N2 , N2/CCI4 , CCI4 , and SF^. From the calculated values of the electron and ion 
densities, «g and «j, the presence of negative ions in the electronegative CCI4 , and 
SFg was indicated since the ion density (~10l^  m"^) was significantly greater than 
the electron density rig (~10^^ m~3). Electron temperature also increased with the 
addition of CCI4 to N 2 which is consistent with the formation of negative ions by 
electron attachment reactions.
The concept of rf  compensated probe has been extended further (Al-Assadi 1988) 
with the incorporation of detection circuitry which automatically tunes the phase of 
the r f  applied to the probe to give the maximum floating potential.
Probe measurements on magnetic multipole plasmas have also been reported (Hopkins 
1987). A movable probe was used to map the spatial distribution of the electron 
energy distribution in a hydrogen plasma confirming the presence of substantial 
densities of fast electrons confined magnetically in a small volume of the plasma. It 
was also noted that the electron energy distribution was Maxwellian for the bulk of 
electrons but was non-Maxwellian in the high energy region of the plasma.
One particular derivative of the electrostatic probe is the retarding field energy 
analyser (Simpson 1961). The simplest form that this device can take is that based 
on a parallel plate geometry as shown in Fig. 2.14a). Particles, of charge e, enter as 
shown in an ideal beam of infinitesimal extent and perfect collimation, with energy 
E -  6Vq. They are retarded by the axially directed electrostatic field between the 
electrodes and are collected at plate C. If > F  , the applied bias to the collector 
plate, they will reach the plate, be collected, and appear as a current t  and if Vq < 
V  they will be repelled. If the beam is monoenergetic, therefore, there will be a sharp 
cutoff of current i at potential F /  (shown in Fig. 2.14b) ) and, neglecting the work 
function of the collector material, the total kinetic energy of the particles eVo = eV 
In practice, of course, the beam has a certain spread of energies A F  and, therefore, 
there is a gradual rather than a sharp cu t-o ff of current as shown in Fig. 2.14c).
eVo
a)
b)
c)
i
Fig. 2.14 a) Design of a simple retarding field analyser, b) ideal retarding field cu t-o ff curve for mono-energetic species, and c) usual retarding field cu t-o ff curve - the effect of reflection is shown in the dotted curve
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Al-Assadi, Chatterton, and Rees (1988) have made a comparison between measured 
and calculated energies of positive ions striking the ground electrode. The ion energies 
were measured using a retarding grid analyser consisting of four, planar grids of fine 
wire and a detection plate mounted within the earth electrode with the first grid 
coplanar with the electrode surface. A potential difference of -35 to -40V was 
maintained between the first and second grid to stop electrons penetrating the analyser. 
A variable retarding potential was applied between the first and the third grids to 
determine the energy distribution of the positive ions striking the earth electrode. 
The fourth was held at a small positive voltage (2V) with respect to the ion collecting 
electrode. It is noted that the determination of an accurate value of the plasma 
potential from the ion energy measurements is difficult owing to possible charge 
exchange effects and photoemission. The distortion of the grid analyser characteristic 
under intense ultraviolet irradiation has also been investigated (Mathew 1985), the 
distortion being attributed to ultraviolet photons striking the electrode structures in 
the analyser (resulting in voltage changes on the guard rings).
Bruce (1981) has used a parallel plate retarding grid system in the earth electrode in 
conjunction with a simple wire probe, and mass spectrometry to investigate the time 
dependence of the potential distribution in a parallel plate discharge in krypton (with 
the rf  electrode dc grounded to ensure symmetric voltage distribution). An elementary 
model of the plasma, shown in Fig. 2.15, is used to describe the data. The model 
assumes that the electrons are sufficiently mobile to prevent large voltage drops 
occurring across the bulk of the glow. It is evident that the potential of the ionized 
plasma cannot become significantly hegd:ive with respect to any contacting surfaces 
otherwise electrons would immediately transit the sheath to the surface of more positive 
potential leaving the glow with a net positive charge. The latter would raise the 
plasma potential and therefore reduce the flow of electrons until a balance with the 
flow of ions was attained. As a consequence, the electric field is mostly confined to 
the sheath regions as shown.
Consider a potential applied to the rf  electrode of the form F r/ = F  ^ /o sin cot Fig. 2.16a) 
shows the behaviour of the plasma potential as a function of the driving voltage for
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Fig. 2.15 Electric potential distribution in a parallel plate discharge
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a low frequency discharge. Initially, there is no discharge until at t j  a large enough 
value is attained to initiate a discharge. At this point the plasma potential immediately 
rises to a value slightly more positive than Vrf .  This continues until t%, when the 
discharge again extinguishes. During the second half of the cycle the situation is 
similar with the plasma being struck at tg. At this point Vp rises to a value slightly 
more positive than the more positive of the two electrodes, the ground electrode, and 
remains at this constant potential through the remainder of the cycle until the plasma 
is again extinguished at t^. Above frequencies of the order of lOOkHz, the interval 
t2" ti is so short that the plasma does not actually extinguish giving the behaviour 
shown in Fig. 2.16b).
Thus, this model indicates that the plasma potential oscillates with the applied potential 
only over the positive half of the cycle. The experimentally derived floating potential, 
which is slightly more negative than the plasma potential, is shown in Fig. 2,17 for 
an applied frequency of lOOkHz.
The kinetic energy of an ion traversing the sheath depends on how quickly it traverses 
the sheath relative to the oscillating plasma potential. If the ion moves quickly, then 
the maximum energy it can attain is the maximum plasma potential, which is 
approximately equal to the amplitude of the driving voltage (Vrfo)^ If the ion is slow 
it will have an energy equal to the time averaged plasma potential which is approximately 
equal to F r/o /n . Consequently, the ion bombardment energies are greater at low 
frequency as shown in Fig. 2.18 - a plot of ion energy/amplitude of rf  voltage against 
frequency showing the expected reduction of this ratio with frequency. The ion 
transit frequency (ITF) is defined as that frequency above which the ions no longer
cross the sheath in one half of the rf  cycle and occurs at around 4MHz.
2.5 Polymer Etching in Oxygen Plasmas
2.5.1 Introduction
Polymers are widely used in microelectronics; for planarization, as interlayer dielectrics, 
and as implant alignment masks in self-aligned technologies. In optoelectronics and
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Fig. 2.17 Floating potential variation in a symmetrical rf  system
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integrated optics, polymers are finding applications as guiding media and as the basis 
for the most advanced optical switching research. Polymers can also be used to 
fabricate ultra miniature sensors such as accelerometers and force transducers.
In all these cases, it is vital that the polymer can be patterned in a controlled, predictable 
and precise manner. For example, it is necessary to produce a tapered etch profile 
for the holes required to provide connection between device layers (vias) so that 
subsequent metallization will produce a continuous layer over the corners of the via 
without cracking caused by stress at sharp edges. To establish the desired etch process 
it is desirable that the mechanisms involved in etching the plasma are well understood. 
Unfortunately, the technology has outstripped the science and it is still true that the 
fundamental plasma-surface interactions are ill understood (Hartney 1988). This 
situation leads to long process development times, poor yields, and difficulties in 
transferring a process from development into production or from one reactor to another.
Use has been made of pure oxygen discharges to etch polymers for twenty years, 
beginning with simple ashing and photoresist stripping processes and moving on to 
the refined RIE, RIBE, and microwave etching processes used to fabricate the micron, 
and submicron structures now required.
In the following sections, a brief review of polymer, and in particular polyimide, 
applications is given. This is followed by a review of the current state of understanding 
of etching and gas phase processes in the polymer/oxygen plasma system. The latter 
review serves to illustrate the requirement for further work in this area and forms 
the basis of the justification for this work programme which looks at polyimide etching 
in oxygen and is described in the last section.
2.5.2 Applications
2.5.2.1 Microelectronics
Polymers are widely used in microelectronics; as a planarizing material, in tri-layer 
and bi-layer technology as an interlayer dielectric, and as an implant allignment mask
32
in self-ailigned technologies. Commonly used polymers include; polyacrylates, 
polyester, epoxy resins, polyimide, and polysulfones. Polyimide, in particular, finds 
many uses including:
the interlayer dielectric on silicon and gallium arsenide integrated circuits 
fabricated with multilevel metal schemes and on multilayer thin film 
high - performance packages. For example, polymers have been employed in 
multilayer patterning and etching to produce MESFETs in GaAs with 0.3pm gates 
using the SAINT process (Kato 1983).
the dielectric in flat panel displays
passivation, conformai coating, thermal-mechanical buffer and a  particle pro­
tection coatings on circuits
masking for multilayer resist processing; for negative-profile lif t-o ff  processing; 
for harsh processing such as ion implantation or dry etching; for high aspect ratio 
masking processes.
Polyimides have particular properties which make them attractive in many applications. 
These properties include; a high dielectric constant (Er= 2.4 to 3.4); good planarizing 
and step coverage ability; ease of application (spun, sprayed, roller coated, screen 
printed or dipped); mechanical and chemical stability; thermal stability unusually high 
for polymers (up to approximately 420^0); radiation resistance; and photosensitivity 
(in some products) (Burggraaf 1988). All these factors contribute to the increasing 
use of polyimides in microelectronics in preference to inorganic materials.
2.5.2.2 Optoelectronic
Optical intra-chip communication offers the potential advantages of high speed and 
electrical interference immunity. The use of polymers as the waveguide medium 
between chips offers the further advantages of: 1) their ability to flow and planarize, 
which can be employed to smooth waveguide walls after etching or fill gaps which 
occur at the edges of sources and detectors due to their processing steps; 2 ) the ease
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of forming the waveguide sides by dry etching; and 3) their relatively low temperature 
deposition and processing, avoiding disruption of deeper electronic layers by late, 
high temperature processing.
The use of polymers, in conjunction with GaAs light emitting diodes (X = 870 nm) 
on a silicon substrate, has been investigated by Christensen (1987). A 1.47pm thick 
layer of Si0 2  was plasma deposited onto the entire surface of the wafer to act as an 
insulator and optical cladding for the waveguides. For guiding to occur, the polymeric 
waveguide material must have a higher refractive index than the Si0 2  cladding (n = 
1.48). For this reason, polyimide (n = 1.7) and polystyrene (n = 1.58) were chosen.
Both polymer waveguide types were fabricated using an RIE process in conjunction 
with a tri-level resist scheme, similar to the SAINT process, shown in Fig. 2.19. The 
photoresist was optically patterned and wet etched to form the mask for a 3 minute 
CHF3 RIE of the Si02 upper layer. This layer then became the mask for a 15 minute 
O2 RIE of the polymer layer. The resultant waveguides, 2pm by 8pm, were multimode 
with near vertical, smooth sidewalls.
Polyimide has particular processing benefits and mechanical, chemical, thermal 
properties, which have been discussed in the previous section. In addition to these, 
relatively transparent polyimides are available for optical applications.
2.5.3 Process Models and Etching Mechanisms
2.5.3.1 Introduction
The plasma environment is complex and difficult to model. Considerable insight into 
plasma processes can be gained, however, by using less complicated systems to 
investigate some components of a plasma process in isolation. O f particular value in 
this respect are ion beam systems. At its most basic, an ion beam system comprises 
a discrete plasma from which a broad beam of ions is extracted, neutralized, and 
directed onto the substrate to be etched. The ion beam energy can be accurately 
measured and controlled as can the beam current (ion flux). By adjusting the ratio 
of neutral and ionic fluxes to the surface it is possible to simulate the conditions in
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Fig. 2.19 Polymer waveguide fabrication. A cross-sectional view of a tri-level technique showing a) RIE of Si02 in CHF3 , b) RIE of polymer waveguide in O2 using Si0 2  as a mask, and c) the completed waveguide with the substrate Si0 2  forming the cladding layer.
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a plasma, although, of course, the absolute flux levels reaching the substrate are several 
orders of magnitude lower than those found in the plasma, and there are no other 
forms of irradiation, photons and electrons, which are also present in a plasma.
Several studies, using directed fluxes of chemically reactive neutral species and ion 
bombardment (CAIBE) in conjunction with AES, XPS, SIMS, mass spectrometry, and 
mass loss measurement using QCM’s^, have been undertaken to simulate conditions 
in a reactive plasma and to characterize the removal of surface atoms as a function 
of d ifferent flux conditions. The prim ary etching mechanism stems from the enhanced 
ion-assisted surface reactions rather than the separate contributions of the ionic 
(physical sputtering) and chemical components (Coburn 1986). Several models have 
been proposed for the enhanced ion-assisted etching mechanisms in a chemically 
reactive gas (Chinn 1985):
The chemisorbed material is more weakly bound to the surface than the normal 
substrate atoms and thus the enhanced etching is a consequence of increased 
physical sputtering.
Ion bombardment produces a damaged lattice site on the surface which causes 
the reaction rate with the chemically reactive neutral component to be enhanced.
Ion bombardment induces a chemical reaction which produces a weakly bound 
molecule that desorbs from the surface very readily.
Ion damage does not contribute to the enhanced etching (XeF2:Ar+ on Si, Coburn 
1986).
Similar results have been obtained using broad beam RIBE systems.
Studies using Cl2:Ar+, Cl2:Ne+ and Cl2:He+ (Chinn 1985) have shown that the yield 
of Si atoms is dependent both on the CI2 neutral flux and the incident ion mass. The 
yield exhibits a linear dependence on the neutral flux up to some saturation level, 
above which the Si yield becomes mainly dependent on the incident ion mass, the
2 Auger electron spectroscopy. X -ray  photoelectron spectroscopy, secondary ion mass spec­trometry, and quartz crystal microbalance, respectively.
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heavier ions producing higher yields owing to greater energy transfer to the surface 
atoms. This study indicates that, initially, the supply of reactants to the surface limits 
the yield but at high neutral flux the surface becomes saturated and the removal of 
the reaction product by ion-assisted mechanisms becomes the rate limiting step.
Various, more general models o f plasma processes and etching behaviour have been 
formulated. Zarowin (1983) describes a model for plasma etch or RIE anisotropy 
which assumes that the ionic component of the chemical etch process produces the 
anisotropy and shows that the etch directionality is a function of E /p .  In other words,
high anisotropy can be achieved not only by loweiitgthe gas pressure, but also by
increasing the sheath field at higher pressures.
Graves and Jensen (1986) have modelled both dc and rf  discharges in a parallel plate 
system invoking the following assumptions:
1 The gas is weakly ionized so that only charged particle-neutral collisions occur.
2 The electrons and ions can be treated as fluids (estimated to be true in the range
0.5 to 5T).
3 Bulk gas convection plays no part in charged particle transport.
4 A one dimensional solution (i.e. electrode diameter »  separation)
5 Maxwellian electron energy distribution
6 Ion temperature = neutral temperature
7 No negative ions
8 Electron mobility and diffusivity dependence on tem perature negligible with the 
assumed exponential dependence of the electron impact ionization rate on electron 
temperature.
9 Constant ion mobility and diffusivity
10 The only volume ionization mechanism is due to electron impact and no other 
inelastic electron-neutral collision is considered.
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11 Secondary electron emission occurs only at the driven electrode
The model develops a solution to the four equations for electron continuity, ion 
continuity, Poisson’s equation and the electron energy equation, respectively, which 
are set out below:
n g .#.*2.5.1
ÏX *   • • • .2 .5.2
17 •+ V  • =  r ,
a 73 _ ....2.5.4
at V s” V
where rig and n/ are the electron and ion density, respectively; Je and are the 
electron and ion flux, respectively; rj is the ionization rate, hg is the electron enthalpy, 
qg is the enthalpy flux, and / / /  is the energy lost per collision.
It is evident that some of the above assumptions, notably 5, 6 and 10, are questionable, 
and in the case of electronegative gases such as oxygen, 7 also.
Another, method gaining use for process optimization is response surface methodology. 
This technique, while not attempting to model the physics or chemistry of the plasma, 
can be used to rapidly obtain an appreciation of the interaction of the various process 
parameters controllable by the engineer, with the desired qualities of anisotropy, etch 
rate, selectivity and so forth. The interested reader is referred to Allen (1986) and 
Jenkins (1986) for further information.
2.5.3.2 Basic Processes in Oxvgen Plasmas
A broad range of reactions can occur in a plasma including reactions between electrons, 
molecules, and ions in every combination (Bell 1974). The electron/molecule reactions 
are characterized by the potential energy diagram for O2 given in Fig. 2.20. The
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Fig. 2.20 Potential energy curves for some states of 0 2 “ , O2 , and 0 2 ^
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ground state is and above this lie four higher states 5 *1 ,^ c^A^, and 
all of which dissociate into two ground state atoms (0 (®P) + 0 (^?)). The species a^Ag 
is known as singlet oxygen and, being particularly long lived, participates in a number 
of reactions (see Appendix A). The next highest state is Excitation to this
state from the ground state leads to dissociation producing one ground state atom 
(0 (®P)) and one singlet D atom (O (*£))). Further excitation leads to ionization forming 
the O2+ state X^Ug .
An electron in collision with a molecule of oxygen can undergo two types of collision 
- elastic and inelastic. In an elastic collision the O2 remains in an unexcited state 
after the collision but gains a fraction — of the electron’s initial kinetic energy. This 
process, through repeated collisions, has the effect of gradually increasing the energy 
of the molecule and leads to an increase in Tg, the gas temperature. The probability 
of elastic collisions is characterized by the momentum cross-section, a^. Fig. 2.21 
shows the collision cross-section for oxygen as a function of the electron energy.
In an inelastic collision, the oxygen molecule absorbs energy and is excited into 
rotational or vibrational levels of the ground state. A theoretically derived diagram 
for vibrational collision cross-sections is shown in Fig. 2.22. These excitations occur 
at low electron energies. Above about leV  it is possible to excite higher electronic 
levels as may be seen in Fig. 2.21.
Since oxygen is an electronegative gas, it is possible to form negative ions. O2" (X^Flp)
is formed by direct attachment, and 0 ~ by dissociative attachment, through reactions 
4 or 5 in Appendix A.
The reaction rate constant for the /^h reaction can be derived from:
° /o  ( 2^ )
....2.5.5
To calculate this function exactly it is necessary to know the electron energy 
distribution, / ( g ), exactly also. This is difficult to determine so the Maxwellian
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approximation is often used. This approximation must be used with care, but is 
generally adequate where the threshold energy for the process is not greatly more than 
the average electron energy.
In an equilibrium plasma, the rate of energy gain from the applied field balances loss 
processes due to electron molecule collisions, diffusion etc., and the power density P 
is given by:
Ela s t i c  2 5 6
  2 m  In e l a s t i c  Ion iz a ti on  Dif fu s ionP = -j^<ç.>k^nN+ l e j k j n N +  < E > t ,n 7 V +  <e>kan
/
where:
<e> = average electron energy
e j = energy loss for the y^h process
kfn =* v^/A /, the rate constant for momentum transfer
k j  = rate constant for the yth inelastic process
kj = ionization rate constant
k ^  = K T f . / m y the effective diffusion rate constant 
n / N  -  fractional ionization of gas 
A = diffusion length
Fig. 2.23 shows the fractional power input to collisional processes as a function of 
E /P .
2.5.3.3 Mechanisms and Models of Polvmer Etching in Qxvgen Plasmas
A number of workers have investigated the etching of polymers in or downstream of 
pure oxygen plasmas. From their work a reasonably consistent, though incomplete 
picture can be drawn of the etch process chemistry.
Asada and Mori (1986) investigated the RIE of polymethylmethacrylate (PMMA) in 
a 13.56MHz discharge at a pressure of 40mT, and an input power density of 0.2Wcm"^ 
using Raman spectroscopy. Their measurements indicate the following stages in a 
resist etching reaction:
Vibrational 
V Excitation ionization
Dissociative
Attachment/ Dissociation via the 
^2,1 State
0.103Q .C
<DI
Oco
Dissociation 
via the StateÜou_
0.01 Elastic
CollisionsExcitations of 
Higher Electronic 
States
0.001 25 3515 20
E g / p  (V/cm torr)
3 0
Fig. 2.23 Fractional power input to elastic and inelastic collisions as a function of Ee/p  for oxygen
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Oxygen ion bombardment first sputters H atoms from the polymer chains. This 
is indicated by reduction in the C -H  and 0 -H  peak heights.
The sputtering is followed by a chemical process wherein the resist carbon atoms 
link to form  fused ring, graphite-like, structures on the surface and some oxidized 
carbon structures. The latter are present in various stages of oxidation; I C=0, 
II 0 -C = 0 , and III ^  C=0 , with oxidation state II being predominant.
Supporting evidence for the formation of a carbon rich surface layer is given by 
Chereckdjian and Wilson (1986). Their measurements of the SOkeV Âs+ bombardment 
of polymethylmethacrylate and M icroposit 23M resist using XPS to measure surface 
composition and a triple resonator technique (TRT) to measure mass loss and film 
stress, indicate the formation of a bombarded layer containing a reduced concentration 
of oxygen and a reduction o^ C =0 groups (in PMMA). The carbon rich layer so 
formed inhibits further liberation of volatile fragments during bombardment by acting 
as a diffusion barrier. The formation of a fused ring, graphite-like surface layer has 
also been observed by Bachman and Vasile (1989) during Ar+ IBE of polyimide.
It is evident that removal of the fused ring, graphite-like structures is critical in 
defining the overall etching process. These observations are consistent with the well 
known observation in O2 ion beam etching where the etch rate is found to increase 
linearly as the effective number of carbon atoms in the structure decreases. The 
process described above is illustrated in Fig. 2.24.
Cook and Benson (1983) have investigated the species responsible for etching 
downstream of a 2.45GHz oxygen discharge at pressures in the range 1 to 3T using 
EPR. By monitoring the concentration of species during etching of phenolformaldehyde 
polymers and graphite, they were able to show that, of the major, long-lived and 
potentially reactive species produced in an oxygen discharge, ground state atomic 
oxygen (^Pa. lO) and excited molecular oxygen ( 'AO2), it was the atomic oxygen which 
was the primary reactive species responsible for removal of the surface. Indeed, For 
hard baked resists it was found that only oxygen atoms were responsible for the 
removal and that elevated temperatures were required (findings consistent with Wang 
1981 and Vukanovic 1988). In other words, photoresist is not etched at low temperatures
C-C-H c=o » C - C h O
H C:Q
hC h h
r - c - A
H-C-H
hC hhq-^ \ = 0  
" I y IH ...C—C"H 0  
hC \  A I
c = o  C-H
c”hH
I H H
CO, COg,H o . H o O
C = 0 )  I
c-c=o c = o;n
c=o\oo=c=o
Fig, 2.24 Possible oxygen RIE processes for fused ring structure on PMMA surface; (a) Reactive oxygen ion bombardment, (b) fused ring structure formation. Some carbon oxidation stages I-III with C =0 bond are also shown
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in the effluent from an O2 discharge. The removal rate of photoresist was found to 
be directly proportional to the O atom concentration delivered to the sample. They 
also determined the activation energy for removal of photoresist and graphite as 0.5eV 
and 0.45eV, respectively.
The studies of Hartney and co-workers (1988) extends this work into the lower pressure 
regime more usually found in RIE, 1 to 200mT. Their measurements, in an rf  RIE 
system using GDMS as the primary diagnostic technique, lead them to propose the 
following general mechanism for polymer etching which is consistent with the con­
clusions drawn from the Raman measurements described above and also with the work 
described by Moss (1983) on the etching of styrene and methylmethacrylate polymers.
1 Atomic oxygen initiates the reaction by extracting H from  the polymer leaving 
radical species on the surface (RH + O • R • + OH •, R ’ + o • RO •)•
2 These radicals react with molecular oxygen (O2) from the plasma to produce C -0  
and C-OH bonds (R - + 0 g -> ROO •)• The latter structures form the precursors for 
volatile species.
3 The volatile species are liberated by supplying the required desorption energy by 
ion bombardment (or may also be done by surface heating).
This essential order of steps in polymer etching is also that concluded upon by Hansen 
et al. (1965). In addition, Steinbriichel et al. (1986) have also investigated the mechanism 
of polymer etching in low pressure RIE and have concluded that the mechanism is 
essentially chemically enhanced physical sputtering (the ions remove reaction products 
held on the substrate surface), with perhaps some surface damage promoted etching 
(ion impact creates a damaged surface with particularly reactive sites). It is also 
concluded that neutral O2 is a major reactant. These findings are consistent with the 
work of Hartney et al. (1988).
The etching behaviour that is achieved depends upon which of these stages in the 
etch process limits the overall etching rate, or, in other words, the relative proportions 
of oxygen atoms, molecules and ions arriving at the surface. Fig. 2.25a) and b) show 
the percentage of oxygen molecules dissociated by the plasma, and the partial pressure
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Fig. 2.25 (a) Percentage of oxygen dissociation as a function of pressure and power, and (b) oxygen atom partial pressure as a function of pressure and power. Open triangle = 20, filled square = 50, open circle = 65, filled triangle =80mT
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of oxygen atoms, respectively, as a function of power and at four gas pressures. It 
is evident that the while the extent of dissociation increases with power, it also decreases 
with increasing pressure. The atom partial pressure shown is directly related to the 
flux of reactive atoms to the surface and is generally lower at higher pressures at a 
fixed power. On the other hand, the flux of positive ions to the surface, as measured 
with a Faraday pail and shown in Fig. 2.26, falls with increasing pressure.
Fig. 2.27 illustrates the variation of resist etch rate with gas pressure. Since the 
molecular oxygen flux increases with increasing pressure, it is proposed that the flux 
of oxygen molecules to the surface which react to form volatile products (step 2 of 
the above process steps) limits the increasing etch rate in the pressure range 20 to 
75mT. At higher pressures the etch rate falls, but there is an ample supply of molecular 
species. The flux of atoms to the surface and ion bombardment, however, are reduced, 
as already shown in Fig. 2.25a) and Fig. 2.26. Therefore, it is a combination of low 
atomic oxygen flux initiating the reaction (step 1) and reduced ion bombardment 
supplying the desorption energy (step 3) which limits the reaction at higher pressures.
Vukanovic et al. (1988), in their studies of the etching of polyimide, note that the 
etch rate of a sample placed downstream of the discharge is zero, although chemi- 
luminescence measurement indicated the presence of atomic oxygen above the polymer. 
In this case, an oxygen rich surface layer was produced but the etch rate was inhibited 
by a lack of ion bombardment of the surface. This circumstance corresponds to step 
3, above, being the limiting factor.
Gokan and Esho (1984) form a similar appreciation of the overall polymer etching 
process as an ion assisted chemical reaction of carbon atoms with neutral molecular 
oxygen. Their work, based on RIBE with O2+ ions, uses an approach based on the 
analysis of yields to formulate a model for the etching process.
Mass spectrometric measurements indicated that the main reaction for carbon con­
sumption in polymers is expressed by:
2C + O2 2C0 ....2.5.7
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The problem with the latter scenario, however, was that the maximum yield from this 
reaction is 2 atoms per 0 2 '*' ion whereas they measured yields as high as 6 at high 
oxygen pressures. To account for this, they assumed a contribution by neutral molecular 
oxygen giving:
2C + Og + n02 ^  2(n  + 1 )C0 ....2.5.8
This is not the only possible reason for the increased yield observed at higher pressures.
If charge transfer were to occur in the gas phase, converting a fraction of the ion
beam into energetic neutrals, this would have the effect of underestimating current 
density. Since charge transfer increases with pressure (with decreasing mean free 
path) this would have the same effect as a real increase in yield. It was established 
that the latter was not happening by observing the etching yield for sputtered gold 
which was found not to increase with oxygen pressure in the same pressure range.
The total etch yield (Y) can be expressed in terms of three components:
y  = Y y + Y^ + Y ^ i P / J  ,A)  ....2.5.9
where Ty is the physical sputtering yield, Y2 the chemical sputtering yield due to the 
accelerated O2'*' beam (equals 2 if  the incident 02'*' ions react with C to form CO), 
and T j is the sputtering yield due to ion assisted chemical reactions with O2 .
One etch product observed was H2 suggesting that O2'*' bombardment generates a high 
density of radical sites (step 1 above). O2 can adsorb on these sites and react with 
carbon atoms to form C-O (step 2 above). The function is a function of the ratio 
of the gas pressure and the ion beam current density {P/J)  and the sample area {A). 
The exact equation for P / J  given by Gokan and Esho in their paper is dimensionally 
incorrect and therefore is not reproduced here. A fit of their model to experimental 
data fits quite well, however, and is given as Fig. 2.28 and illustrates the contributions 
of each of the three component yields to the overall yield. A similar theory has, 
however, been developed by Vanderlinde and R uoff (1988) and is set out below.
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The experiments o f Vanderlinde and R uoff (1988) were based on RIBE of polyimide. 
As with Gokan and Esho (1984), it was noted that the etching yield for an Ar+ beam 
is 1 atom per incident ion, which is typical for sputtering at an energy of approximately 
IkeV, whereas the yield from 0 2 ^  ion beam etching is 5-9 atoms per ion. This 
enhanced yield was taken to indicate that a flux of neutral O2 is involved in forming 
volatile products, as has been shown by the other studies already described in this 
section. Since physical sputtering cannot alone account for the high yield ( » 2 )  seen 
in RIBE with 02"^, it is evident that the reactive ions must react chemically with 
substrate atoms forming products with lower binding energy and which are, therefore, 
more easily sputtered off.
To account for this yield enhancement, consider the composition of polyimide, 
C22O5N2H 10. The elements O, N, and H are obviously volatile in themselves so 
reactions with O2 should not greatly affect their sputter yield. Carbon however is 
involatile and therefore should only be removable after reaction with oxygen to form 
volatile CO or CO2 . This line of argument leads to the prediction that in Ar+ ion 
beam etching, since there is no means of producing volatile products of carbon, a 
carbonaceous residue should form on the surface (see also Bachman 1989, Chereckdjian 
1986, and Asada 1986), whereas oxygen should etch more cleanly. This is exactly 
what is observed, supporting the argument for a chemically enhanced etch mechanism.
The observed yields for 0 2 ’*' and Ar+ ion beam etching of polyimide, for an ion energy 
of IkeV and a current density of /  = 0.20 mAcm"^, were 4.76 and 0.78 atoms, 
respectively. At higher current densities, in excess of 0.4 m A c m “ 2, a decrease in 0 2 ‘‘‘ 
yield was observed which was attributed to an insufficient flux of neutral gas molecules 
diffusing to the surface to form reactive products.
The flux of neutral O2 to the surface can be calculated easily from  the gas pressure, 
and the O2+ ion flux from the current density. At a chamber pressure of f  = 10~'^T, 
the neutral flux works out at T = 3.9x10^^ molecules.cm"^s" ^, and at a current density 
of J  = 0.4 mAcm~2, the ion flux is 2 .5x 10^  ^ ions.cm -^s-l.
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It has already been established that the main etch product is CO, and therefore an 
estimated stoichiometry of one oxygen atom per etched carbon atom is not unreasonable. 
Since each oxygen molecule contains two atoms, the neutral flux is about 30 times
the ion flux for the above conditions. If  we define now a neutral oxygen surface
coverage factor, 0 , which varies from a value of 1, describing total coverage of the 
surface, to 0 (no surface coverage or zero neutral flux), it is evident that in the regime 
of low current density, the oxygen surface coverage 0 - ^ 1, and the etch rate is limited 
by the flux of ions to the surface. On the other hand, at high current density, the 
neutral molecular flux is the limiting factor and 0 < 1.
During etching the mass of incoming and outgoing species from the surface must 
balance each other. Arriving at the surface are two components. The first of these 
is a flux, r, of neutral molecular oxygen, which is assumed to absorb at sites on the 
etched surface with a certain ’sticking’ coefficient rj . If the surface coverage is 
currently 0 ,  then the incoming molecules have ( 1 - 0 )  sites available to them. Thus, 
the rate at which oxygen atoms absorb on the surface i s 2 T T ] ( l - 0 ) .  The second 
incoming mass component is the ion beam. If a fraction y of these incident 0 2 ^ ions 
are retained in the surface, the contribution of these ions to surface coverage is 2y J.
The oxygen is sputtered o ff the surface by the incident ion current J  in either unreacted 
form  (O atoms), or reacted form  (XOn species). If the yields associated with each of 
these sputtering processes are a  and p respectively, then the two outgoing mass terms 
are - a  J 0 and - p J 0. Combining all these contributions, and remembering that the 
masses of incoming and outgoing oxygen must balance, gives:
2 f T i ( l  -  0 ) - a J 0 - p j 0  + 2 y J  = O ....2.5.10
which can be solved for 0  giving:
( i  + n j / p  ....2.5.11
(1 + 4 > J/f)
where:
2 r| 
and:
45
^ _ ( a  + (3) ....2.5.12
....2.5.13
At low current densities, the supply of sputtering species to the surface is limited 
and, therefore, the surface coverage is saturated or 9 I. At high current densities, 
the supply of neutrals to the surface limits the rate or 0 ss o. The etch yield for the 
process comprises two components; a reactive yield B for the neutral covered surface 
(# , and a physical sputtering yield 5  for the uncovered surface (1 -  ^  giving an 
expression for the overall etch rate:
v = J [ S 0 + S ( 1 - 9 ) ]  ....2.5.14
S  is approximately equal to the argon sputter rate. This parameter has already been 
measured to be 0.78 atoms/ion for argon. This figure can also be used for oxygen 
since physical sputtering yield does not vary with incident ion mass if, as in this case, 
the mass of the incident ion is greater than that of the substrate atoms. The reactive 
yield is given by B = (3/n where n is the stoichiometric coefficient of the reaction 
product XOn.
The experimental values of etch rate against ion current density obtained by Van­
derlinde (1988) are plotted in Fig. 2.29 for pressures of 1 and 2.5xlO"‘^ T. The slope 
of a tangent to the curve connecting the points represents the incremental yield. For 
low current density, where 0 ss i, the incremental yield is approximately B = 6 , while 
for high current density, where 0 2s o, the incremental yield is 1.3, indicating that the 
oxygen from  the beam does contribute to the surface coverage. This is equivalent to 
saying that y > 0.
Using values of 6" = 0.78 atom s/ion, r  = 39x10^5 molecules.cm"^s“  ^ at 10“^T, the 
above model equations (2.5.10-14) were fitted to the experimental data in the latter
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figure using a polynomial least squares fit technique for which values of 5  = 6.16, 
4> = 14.6, and n »  1.5! were calculated. This curve f it is shown as the solid line at 
IQ-'^T pressure.
At higher pressure (2.5x10"'^T), the coverage is still approaching 1 (8 sc 1) and therefore 
the slope of the current density/etch rate curve should be identical with the lower 
pressure curve near the origin. At higher current density, however, the surface 
coverage ©will be higher than at 10"^T so the yield is also higher. This behaviour 
is seen in Fig. 2,29. The dotted line is the theoretically predicted behaviour based 
on increasing 7 by a factor of 2.5. This close fit indicates that the model is basically 
sound although the number of data points is small.
Assuming that the principle etch product is CO, then n = 1 and therefore ( 3 = 5  = 
6.16, and 5 = a  = 0.78, then q « 0.24, y = 0.36 and the surface coverage at high current 
density is 0 = 0 .10.
Hope, Cox, and Deshmukh (1987) have used a combination of optical emission 
spectroscopy and Langmuir probe measurements to study the RIE of polyimide in a 
13.56MHz 0% plasma. Their system allowed the power ratio between the substrate 
and counter electrode to be varied, and in this way the dc bias between the substrate 
and the plasma could be varied at constant power (300W, 0.95Wcm“2) and pressure 
(50mT). Having established using these techniques that the plasma composition was 
unchanged by the altering this power ratio, this capability was used to study the effect 
of the dc bias alone on the etch anisotropy. Polyimide coated wafers, masked with 
an aluminium pattern ,were used as the etch samples.
The observed variation of etch isotropy (or etch directionality) with dc bias, is shown 
in Fig. 2.30. This behaviour of etch rate with dc bias was modelled by assuming that 
the vertical etch rate depended upon oxygen atoms and 0 %"^  ion bombardment, whereas 
the lateral etch rate depended upon oxygen atoms alone. Both of these assumptions 
appear reasonable based on the work already described in this section. If R y is the
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vertical etch rate, this is made up of two components; a random etch rate due to 
the neutral atoms (which is also taken to be the lateral etch rate), and an ion assisted 
etch rate R[(V)  which is obviously dependent on the ion energy or dc bias, giving:
R,= R,+ R,(^V) .. .2.5.15
The lateral etch rate was measured as 1400Amin" 1. The ion assisted etch rate depends 
upon the flux of ions arriving at the surface and the yield, giving:
= S (K ) . ....2.5.16
where F(V)  is the ion flux in units of ions.cm~^s"^ (F(V) ~ J / e ,  where e is the 
electronic charge), and S( V)  is the volume of material removed by each ion. The ion 
flux varied from 0.4 to 4.3x10^^ i o n s . c m ~ 2 s - l  with dc bias. S ( V)  was estimated from 
O2+ RIBE of polyimide and was found to be independent of ion energy over the 
range 25-500V (in agreement with Gokan and Esho) and is given by:
S (K )  = 6 . 7 x / 0 " ’®- K Acm^ion’ ' ....2.5.17
Substituting the values for S( V)  and F{VJ into equation 2.5.16 allows experimental 
data to be compared with theory, the solid line in Fig. 2.30. The increase in isotropy 
at low dc bias is due to a decrease in ion flux to the surface rather than to the change 
in ion energy. It is evident that the functional dependence of the etch directionality, 
6, with theory is close but that the predicted absolute values of ô are consistently too 
low. Simply multiplying the product in 2.5.16 by an arbitrary factor of 0.2, however, 
gives an extremely good fit with experiment as shown by the dotted line in the figure. 
Hope et al. comment that this discrepancy between theory and experiment may be 
due to charge exchange of the form 0 % + Og -4 0% + 0% occurring in the sheath, which 
is not unlikely at a pressure of 50mT and with a 1cm thick sheath region. They also 
comment that the model does not account for the possibility of energetic ions providing 
the activation energy for reaction with neutral species.
In RIE, the pressures used are somewhat higher than in RIBE. The flux of neutral 
molecules to the surface is given by:
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_____________ _' molecules,  cm- s
where is the Avogadro number, P is the pressure in Torr, 24x10^ is the volume 
in cm^ occupied by one mole of gas at atmospheric pressure (760T) and room 
tem perature, Ub is the Boltzmann constant, Tg is the gas tem perature, and M  is the 
mass of an oxygen molecule. At 50mT, the molecular flux calculated from equation 
2.5.18, assuming a gas tem perature of 300K, is r „ a u t r a ( s =  7 . 3 x l 0 i 9  m o l e c u l e s . c m - 2 g - l .  
The maximum ion flux occurred at the maximum dc bias used, 250V, and was 
= 4 .3xlQ i6 ions'.cm“2s“ l. It is evident therefore that, since r„„„,rats »  , the surface
coverage 0 ^ i. in this regime the etch rate is limited by both the supply of atomic 
oxygen to the surface to initiate the reaction and also ion bombardment to remove 
volatile products from the surface.
Bletzinger and De Joseph (1986) have studied the inter-electrode spatial distribution 
of optical emission from nitrogen, argon, and helium rf  discharges. They found that 
the emission exhibited two distinct peaks in intensity, one near the ground electrode, 
and the other, more intense peak near the driven electrode. An example of this in a 
nitrogen discharge can be seen in Fig. 2.31.
These regions of intense luminosity have been attributed to excitation by electrons 
propagating from the electrode surface into the more positive plasma. This in ter­
pretation accounts for the more intense luminosity above the r f  electrode since their 
is a more intense sheath field above this electrode than above the earth electrode. The 
distance of the intensity peak above the electrode is expected to be a function of the 
mean free path in the gas and, therefore, the gas pressure. This effect is shown in 
the shift in peak position closer to the electrodes as pressure increases, shown in 
Fig. 2.31. Peak position should also depend upon the product of the electron velocity 
and the rf  period. If this period is made longer the luminous peak is expected to 
extend further into the plasma, and this is shown in Fig. 2.32. Similar spatial emission 
behaviour has been observed by Barnes and Winslow (1978) in oxygen.
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Fig. 2.31 Intensity of nitrogen 3805Â emission line along discharge axis at 13.56MHz and at pressures from 81 to 998mT, distance between electrodes 40mm
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Fjg. 2.32 Comparison of 3805Â emission intensity for 13.56MHz (solid line) and 6.78MHz (dash-dotted line) Spatial distribution of emission from a nitrogen plasma versus frequency. RF power 1.0 and 0.7W
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2.5.4 Discussion and Conclusions
It is clear from the preceding sections that the basic chemical process stages governing 
polymer etching have been established in broad terms involving three essential steps;
1 Initiation of the reaction by atomic oxygen leaving reactive sites
2 Reaction of neutral molecular oxygen at these sites to produce etch products on
the surface, and
3 Ion bombardment to liberate these volatile products.
It has also been established that the etching process produces a carbon rich layer on 
the surface of the polymer. The above steps in the etch process have been used to 
explain, in qualitative terms, the variation of etch rate with pressure, for example. 
Models of etch rate involving calculated fluxes of each of these species type (atoms, 
molecules, and ions) appear to give good agreement with experiment.
Models of etch anisotropy, of course, must take into account the factors which lead 
to inequalities of the horizontal and vertical etch rate components - the ratio of which 
gives a first order measure of the degree of isotropy or etch profile created. Purely 
mathematical models of the etch process side step the question by simply invoking 
differing etch rates but without relating these parameters to the physical and chemical 
effects actually occurring in the plasma and at the etch surface which lead to differential 
macroscopic etching rates. Techniques such as response surface methodology similarly 
do not really shed any light on these effects although they can be useful in amassing 
useful data sets from which some meaning may be derived.
Current models which do attempt to relate the macroscopic etch directionality to the 
chemistry, all forward the initial postulate that the etch directionality is caused by 
the direction of charged species normal to the etch surface - thereby introducing an 
enhanced etch rate in one direction. Assuming then that the undercut of the mask 
is caused purely by neutral, randomly directed species, the etch directionality should 
be closely related to the ratio of the flux of ionised and neutral species to the surface.
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It is evident from the work of Hope (1987) that this argument, assuming that atomic 
oxygen provides the random component, and O2+ the directed component of the 
etching process, gives good qualitative agreement of etch directionality with dc bias 
but the predicted level of undercut is consistently too low. Their explanation for this 
discrepancy is to suggest that the charge exchange reaction 0 % + 0 % -4 0% + 0% occurs in 
the sheath but also point out that their model does not take into account the possibility 
of energetic ions providing the activation energy for reaction with neutral species. It 
is evident that the most energetic ionic species in the plasma capable of providing 
this energy must also be the most highly charged since gF = where q is the charge 
on the ion. Thus it is important that all ionised species in the plasma, particularly 
the more highly ionised ones, be detected and characterised. Current models ignore 
the presence of any more than singly ionised species and there is , therefore, an evident 
need to measure and account for these species in any model of etch anisotropy.
Ion bombardment is necessary to give anisotropic etching in plasmas but is also known 
to produce surface damage. Reactive ion etching, and reactive ion beam etching, in 
particular, are capable of producing highly anisotropic etching and are, therefore, 
particularly prone to the production of damage. A thorough understanding of the 
plasma and etching process is obviously helpful in devising means of avoiding or 
minimising damage while maintaining the desired etch characteristics. This under­
standing can also be exploited to facilitate process transfer between systems and to 
develop diagnostic techniques which measure parameters directly related to the etching 
characteristics of a system rather than externally controllable, and often interacting, 
process variables such as power and pressure.
2.6 Basis and Objectives of Current Research
The main objective of the current research was to further the understanding of the 
factors controlling the shapes of etched structures produced using gas phase etching 
techniques. The system chosen as a vehicle for these studies was the reactive ion 
etching of polymers, and in particular polyimide.
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It has been shown that current models of polymer etching in polymer, while relatively 
successful in defining the various stages of surface decomposition are less successful 
in relating this to measurable plasma parameters in a predictable and quantitative way. 
This current gap in understanding applies both to the predicting and the controlling 
of etch rate and anisotropy in a real plasma system (as opposed to an ion beam system). 
Present models of etch directionality all make the initial assumption that the directional 
component of the etching process can be attributed solely to 0 2 "^  ion bombardment 
of the exposed horizontal surface of the wafer. Whether species such as 0+  and even 
multiply charged reactive species such as 0 ++ and 0 +++ can legitimately be neglected 
in formulating such a model has yet to be established. That such multiply ionized 
species exist, however, is highly probable given that plasmas are well known to emit 
strongly in the ultraviolet -  emission associated with electrons of several tens of 
electron volts in energy. Since the ionization potentials of atomic oxygen, 0+ , 0++, 
and 0+++ are 13.6eV, 35.1eV, 54.9eV and 77.4eV respectively, dissociation of molecular 
oxygen and subsequent ionization is not unlikely.
This research addressed this area of need by utilising novel diagnostic techniques to 
probe conditions in the plasma and at the etching surface. These techniques were 
used to characterize the plasma under a wide range of conditions and to relate the 
observed variations in species abundance, energy and flux to the resultant macroscopic 
values of etch rate and etch directionality. In particular, ultraviolet optical emission 
spectroscopy of the plasma, described below, was employed to identify the multiply 
ionized species present in the gas phase.
Polyimide coated silicon wafers, patterned with an aluminium or silicon nitride mask, 
were used as the etch specimens throughout this work. The investigation centred on 
the influence of gas pressure and the applied excitation frequency on the anisotropy 
of the resultant etched polyimide structures and the vertical etch rate. These parameters 
were chosen for investigation since they were perceived to be key factors controlling 
the energetics of the ionized species. Measurements relating etch rate to gas flow rate 
and applied power were also carried out.
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The primary diagnostic technique used in this research was optical emission spec­
troscopy in the visible and vacuum ultraviolet. The significance of probing the 
ultraviolet portion of the emission spectrum of a plasma is two-fold. Firstly, the 
radiation emitted in the region from 250nm to 50nm is relatively high energy ranging 
from 5eV to 25eV. Radiation of this energy cannot be detected by conventional 
emission spectroscopy and yet is directly responsible for photochemical reactions in 
surface etching reactions -  particularly in the case of polymers. Either cross-linking 
or degradation can occur and this fact is exploited in the design of photo- and radiation 
sensitive resists (Tsuda 1987). Ultraviolet light can also cause ablative decomposition 
of polymers. This effect has been demonstrated by Garrison and Srinivasan (1985) 
using 193nm laser irradiation and was shown to be a photochemical rather than a 
thermal decomposition process.
A second advantage of probing this portion of the electromagnetic spectrum lies in 
the fact that the emitted radiation involves high electron energy states and is due to 
relatively highly dissociated species including highly ionised ionic species. It is evident 
that the presence of such multi ply  ^ charged species must have a significant role in 
defining etch directionality but these are conventionally ignored in models of etch 
anisotropy and etch rate which treat singly-charged  species only.
The spectrometer, based upon a Seya Namioka type vacuum monochromator could be 
used for measurements at wavelengths from  600nm to 50nm, well below the cut off 
of all window materials (approximately 250nm). Measurement at these short 
wavelengths in plasma systems is extremely unusual owing to the difficulties of 
incorporating a windowless vacuum system onto a plasma system and at the same time 
maintaining the monochromator at a reasonable vacuum better than 10“^T to limit 
self absorption of the emitted radiation by the source gas. As an additional facility 
the electrode system could be moved vertically to allow spatial mapping of optical 
emission from these species between the electrodes.
Since the available space for the addition of bulky and complicated diagnostic 
equipment such as this is limited on commercial equipment, a custom designed reactor 
was constructed to give the required flexibility and accessibility. The use of emission
53
spectroscopy in the ultraviolet as a diagnostic technique marks a singular departure 
from and extension of conventional emission spectroscopic techniques and allows the 
non-invasive monitoring of plasma reactants and products, molecular and atomic, 
neutral and ionised - including multiply ionised species.
Monitoring of the flux and energy of ionic species to the etching surface is obviously 
fundamental to defining an etch model. An electrostatic, retarding grid system 
incorporated beneath the face of earth electrode was used to monitor these parameters 
but without any perturbation of the plasma associated with conventional Langmuir 
probes immersed in the plasma. In addition, the current and voltage waveforms on 
the driven electrode were monitored, the form er parameter being related to the flux 
of charged species in the plasma, the latter parameter to the mean and energy dis­
tribution of these conduction species.
Supplementing these techniques was a quadrupole mass spectrometer monitoring the 
reaction products downstream of the reaction process. This instrument was used 
essentially in a support role, identifying plasma products, as an endpoint detector, 
and as a monitor of chamber contamination and cleanliness.
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3 APPARATUS AND DIAGNOSTIC TECHNIQUES
3.1 The Process Chamber
The experimental vehicle for these studies is a conventional parallel plate etching 
system, illustrated in Fig. 3.1. This system may be employed for both reactive ion 
etching (sample on the driven electrode) and plasma etching (sample on the grounded 
electrode).
The etching chamber comprises a Pyrex glass cross with aluminium flanges covering 
each of the four ports. The upper and lower ports are 18" in diameter; the two side 
ports are each 12" in diameter. Process gases are introduced through one side-arm  
flange and are pumped away through the opposite arm of the cross.
All metalwork within the process chamber is made of aluminium alloy (durai). The 
earth electrode, diameter 6", is mounted on a larger metal plate suspended from a 
column passing through a vacuum -tight seal in the top flange. The latter can be 
removed for loading and unloading of specimens.
The lower, rf  driven electrode again is mounted on a larger (earthed) metal plate but 
is electrically isolated from it by a 6mm thick ptfe collar between the two. The 
electrode and plate are again mounted on a column passing through a vacuum -tight 
seal comprising two ’o-ring* seals in the lower flange. The column may be raised or 
lowered by means of a lead screw driven by a stepper motor at the base of the column. 
This system can be used to vary the electrode configuration in two ways. In the first, 
illustrated in Fig. 3.1 the separation of the rf  electrode from the fixed earth electrode 
may be altered independently. Alternatively, the two electrode mounting plates may 
be bolted together using three equispaced rods around their periphery as shown in 
Fig. 3.2. The ends o f the rods are threaded allowing adjustment of the electrodes to 
provide the desired separation. Configured in this way the two electrodes may be 
raised and lowered as one unit.
Cooling water is fed to each electrode through tubing in the support columns. A 
guard ring, screwed directly to the earthed mounting plate, surrounds the rf  electrode.
Water in  v J Water out
Glass cross
Earth electrode
RP electrode
r —W—Guard ring
Insulation
 ( Z Z Z Z à L / /
Cooling water tube
Movable inner tube
Water out
To pump
RP input ^  
Outer support tube
Water in
Stepper motor
Fig. 3.1 Experimental parallel plate etching system showing the two electrodes coupled by rods so that they can be moved together
Water in 4 Water out
Glass cross
To pumpEarth electrode
RP electrode
Guard ring
Insulation zzz / /Vi_____
Cooling water tube
Movable inner tube
s c r e w
RP input
Outer support tube
Water out Water in
Stepper motor
Fig. 3.2 Alternative electrode configuration of the experimental system showing a fixed upper earth electrode, and a movable lower ri electrode
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3.2 Power and Process Control
The lower electrode is driven by an rf  oscillator and power am plifier via a matching 
network as illustrated in the schematic diagram of the complete etching system given 
in Fig. 3.3. The function of this network is to match the output impedance of the 
power amplifier (50 ohms) to the input impedance of the plasma (typically several 
ohms). Impedance matching is required to maximise power input to the plasma and 
minimise power reflection.
Two different combinations of power supply and matching network were used. The 
first, employed for the majority of the work described, used a frequency tuneable 
750W radio frequency transmitter (Marconi Type 640), feeding a custom designed 
matching network. In order to cover the desired frequency range of 0.4 to 20MHz 
the matching network may be configured in different circuit configurations (Davies 
1982). These circuits and their operational ranges are shown in Fig. 3.4. Circuit 
matching was achieved by manual tuning of the vacuum capacitors and the switchable 
inductance.
The matching circuit is housed in an aluminium case mounted directly beneath the 
driven electrode. Thus the electrode positioning column passes directly through the 
matching network. The r f  feed to the driven electrode from the matching circuit 
passes through a slot in the column and up inside the column to attach to the under-side 
of the electrode.
In later experiments a commercial 600W rf  generator (Radio Frequency Associates 
RFG 500D) and automatic matching network (RFA MNIOOOA) were used.
The voltage standing-wave ratio (VSWR) is a measure of the efficiency of power 
transfer into the plasma. For the manual system this figure was always in excess of 
85%, and for the automatic system greater than 90%.
Gas admission to the chamber was controlled by a mass flow control system (MKS 
System 260) and the chamber pressure monitored by a capacitance manometer (MKS
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Fig. 3,4 Matching network circuits covering the frequency ranges a) 250kHz to 2MHz, b) 4 to 14MHz, and c) 14 to 20MHz
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222 A H S-A -A -10 absolute gauge). The chamber pressure was varied manually using 
a butterfly valve on the output to the pumping stack. Oxygen (zero grade) was supplied 
by British Oxygen and CF4 by Air Products.
3.3 Diagnostics
The techniques used for plasma diagnosis are illustrated schematically in Fig. 3.3. The 
system was interfaced as shown to a computer (Hewlett Packard HP9826) which 
controlled data acquisition. Data was stored on a dual 8" floppy disc drive (Hewlett 
Packard, Model HP9895A). Subsequent data analysis was carried on this system and 
in addition on an HP Series 9000, Model 310 system,
3.3.1 Optical Emission Soectroscoov
Optical emission from the plasma is measured using the system illustrated in Fig. 3.5. 
The system is based on a Seya-Namioka type scanning vacuum monochromator 
(McPherson Model 235, 0.5 metre) and has a wavelength range from 6000Â down into 
the far ultraviolet). The Seya-Namioka mounting provides wavelength scanning by 
rotation of a grating about a vertical axis through its centre and provides good focusing 
over a large spectral range if  the slits subtend an angle of approximately 70° at the 
grating (Samson 1967).
The monochromator views the inter-electrode gap. Radiation from the plasma passes 
through the entrance slits of the monochromator and impinges on a 600 line/m m  
concave diffraction grating. The diffracted light is focused onto the exit slits of the 
monochromator and is then incident on a sodium salicylate window mounted directly 
in front of a photomultiplier (Thorn EMI Model 9558QB). The photomultiplier is 
cooled to -20®C to reduce thermal noise using a Peltier cooler (Thorn EMI Gencom, 
Model Fact 50 Mk3). Ultraviolet light incident on the window induces a visible 
fluorescence in the sodium salicylate coating which is readily detected by the 
photomultiplier.
Axis of Rotation
Concave Grating
/ ^ 7 0 °  1 5 ^ \
'E x it Slit Entrance Slit
Fig. 3.5 UV -visible optical emission spectrometer
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Sodium salicylate has a fluorescence spectrum which is virtually independent of the 
exciting wavelength between 200Â and 3600Â. The maximum intensity of fluorescence 
is located at 4200A. The relative quantum  efficiency of sodium salicylate between 
200À and lOOOA is shown in Fig. 3.6 (Samson 1967).
The requirem ent to detect far-ultraviolet radiation precludes placing a windo,w between 
the process chamber and the monochromator, since even lithium fluoride will not 
transmit below 1100A. (Turner 1965) In order to limit self absorption of ultraviolet 
radiation by the process gas (e.g. oxygen in the air absorbs radiation of wavelengths 
shorter than 1850A), however, the pressure in the monochromator must be held at 
10"^T while the chamber pressure may be as high as IT. This condition was fulfilled 
using the differentially pumped multiple slit system shown in Fig. 3.7. This pumping 
arrangement allowed process gases to be pumped away without entering the mono­
chromator.
The spectrometer grating was rotated by a stepper motor under control of the system 
computer. The current from  the photomultiplier was detected by a digital electrometer 
(Keithley Model 616). The analogue output from the latter was input to a digital 
voltmeter (Hewlett Packard, Model HP 3456A) which was interfaced to the computer. 
Spectral data was stored on 8" floppy discs.
Subsequent data analysis was aided by a comprehensive library of optical emission 
data compiled from published sources (Pearse 1941, Weast 1972-73), forming a database 
stored on the computer. This facilitated identification of species by comparison with 
experimental spectra.
3,3.2 Mass Spectrometry
The composition of the process gas was monitored using a 1-100 atomic mass unit 
(amu) range, quadrupole mass spectrometer (VG Gas Analysis Supavac), The gas was 
sampled just downstream of the plasma (i.e. between the electrodes and the pumping 
port) using a thin aluminium tube. Data from the spectrometer was either read directly 
by a 10 MHz digital oscilloscope (Nicolet Explorer), or through a serial interface (VG 
Gas Analysis S.I. Interface) to the computer.
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The latter facility allowed programmable control of the spectrometer. Consequently, 
the spectrometer could be employed to monitor several mass numbers practically 
simultaneously by ’peak-jum ping’. The gain of the instrument could also be set 
individually for each mass num ber to accommodate the monitoring of species of both 
high and low concentration.
3.3.3 Earth Electrode Grid Analvser
A parallel plate grid analyser, similar in principle to the device shown in Fig. 2.14 
and described in section 2.4.5, was built into the surface of the earth electrode as 
shown in Fig. 3.8. The surface of the earth electrode was perforated with an equispaced 
pattern of 3mm diameter holes as shown. Below this was an identical grid, isolated 
from  ground, with holes collinear with those in the electrode surface. An isolated, 
but unperforated plate below this completed, in essence, a triode arrangement. Each 
plate was separated from its neighbour by a 1mm gap.
Charged plasma species incident on the electrode surface pass through the holes and 
are acted upon by the potential applied to the middle, biasing grid and the current 
of charged species measured at the collector plate. Potentials were applied to the bias 
grid using a ±60V programmable dc power supply (Hewlett Packard, Model HP6002) 
and the dc current level from the collector plate recorded by measuring the potential 
across a standard resistor. Both biasing potential and collector current signals were 
recorded on the digital oscilloscope.
3.3.4 RP Current and Voltage Measurement
The current and voltage on the driven electrode were monitored using two high 
frequency probes (Tektronix, Model CT2 700MHz current transform er, and Model 
P6015 75MHz high voltage probe) mounted inside the matching network and attached 
to the connecting wire to the rf  electrode. The output signal could be monitored in 
real time using a 200MHz oscilloscope (Tektronix, Model 7704) but since the signal 
was repetitive an identical signal could be obtained on the lOMHz digital oscilloscope 
by using an appropriate lower speed time-base providing "aliasing” of the signal.
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3.4 Pumping System
A schematic diagram of the pumping system is shown in Fig. 3.9. The main chamber 
was pumped by an Edwards EH500 rotary vane pump, backed by an E2M80 two stage 
rotary pump. This configuration was capable of pumping the process chamber to 
below 10"'^T and had a sufficiently high pumping rate to allow gas flow rates of 
several hundred seem while maintaining acceptable process pressures.
The mass spectrometer was maintained in a vacuum better than 10"^T by a 
Metrovac 033C oil diffusion pump, backed by an ESI 50 rotary pump. The vacuum 
monochromator was pumped by a 4" diameter diffusion pump backed by an E SI50 
rotary pump. The entrance slits to the monochromator were pumped by another 4" 
diffusion pump backed by an ED250 rotary pump. This pumping configuration 
maintained the monochromator pressure below 10“^T when the main chamber pressure 
was as high as 5x10"^T. All diffusion pumps were equipped with liquid nitrogen 
traps.
3.5 Experimental Methods
Polyimide coated silicon wafers were used as etch samples. The silicon surface was 
covered with a thin layer (approximately 50Â) of thermal oxide. The polyimide was 
spun deposited and cured to a thickness of 1.2pm. A 0.2pm layer of aluminium was 
then deposited and patterned using optical lithography and conventional wet etching. 
The sample wafers were supplied in this form by RSRE.
In later experiments, where the problem of substrate contamination during etching 
had been identified as being due to sputtering of the aluminium mask, the masking 
layer was changed to 500Â silicon nitride, deposited by PECVD^. These samples were 
supplied by STL.
Prior to etching, sample wafers were scribed with a diamond stylus and cleaved into 
smaller sections for ease of handling. The desired etching conditions were first 
established in the apparatus before inserting the specimen in order to ensure stable 
operation of the plasma and correct operation of the diagnostic equipment. The main
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chamber was then brought up to atmospheric pressure with nitrogen purge gas and 
the upper (earth) electrode withdrawn so that the sample could be placed on the rf 
electrode. During this operation, the chamber was continuously purged to minimise 
water contamination. The chamber was then closed and evacuated. Once the vacuum 
on the main chamber was below the resolution of the baratron (10“3x), the chamber 
was flushed once with oxygen and then allowed to pump down again for two minutes 
before re-establishing the gas flow and commencing the etch process.
A fter etching, the sample was removed and scribed again at right angles to a micron 
linewidth feature so that the mask undercut and etch depth could be easily measured. 
Measurement of the latter two parameters was accomplished in a Cambridge Stereoscan 
scanning electron microscope (SEM) equipped with a digital image store and 
enhancement system, and energy dispersive x-ray analysis. The samples were examined 
at 850 of tilt (effectively edge on) along the fractured edge of the sample. The actual 
measurements were made on photographs o f the etched structures.
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4 OPTICAL EMISSION SPECTROSCOPY
4.1 Introduction
The experiments conducted using the optical emission spectrometer are described. 
These include calibration of the spectrometer and identification of plasma species 
from the experimental spectra using published emission data. Changes in optical 
emission as a function of inter electrode position and plasma conditions is also 
investigated.
4.2 Wavelength Calibration
4.2.1 Experimental
The wavelength calibration of the spectrometer was checked using a m ercury discharge 
lamp. The process chamber and monochromator were raised to atmospheric pressure 
and the earth electrode was removed and the rf  electrode lowered so that the Hg lamp 
could be positioned in the interelectrode gap viewed by the spectrometer.
Calibration spectra of the mercury discharge were recorded. In addition, the emission 
spectrum from a nitrogen plasma was recorded. The emission lines from these spectra 
were compared with published data (Pearse and Gaydon 1941, and Weast 1972-73) to 
validate the instrument calibration.
4.2.2 Results
A portion of the mercury spectrum, from 4300Â to 4400Â, is shown in Fig. 4.1. The 
Hg emission line at 4363Â is clearly shown, positioned at the correct wavelength.
The optical emission spectrum of nitrogen in the range 1000Â to 1400A is shown in 
Fig. 4.2. The more prominent lines in the spectrum are well known and ,again, the 
actual and experimental peak wavelength positions coincide to within the resolution 
of the grating drive mechanism and the spectrometer resolution (approximately 1À) 
as shown in the following table.
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Species Measured Wavelength
[A]
Published Wavelength 
[A] (Weast 1972-73)
N+ 1084 1083.990, 1084.580, 1085.546, 1085.701
N 1135 1134.165, 1134.415, 1134.980
N 1164 1163.884, 1164.206, 1164.325
N 1200 1199.550, 1200.223, 1200.710
N 1228 1228.41 , 1228.79
N . 1243 1243.179, 1243.306
N++ 1387 1387.371
Subsequent spectral acquisition also demonstrated that none of the peak positions 
shifted in wavelength from  scan to scan.
4.2.3 Discussion
The wavelength accuracy of the optical spectrometer output has been demonstrated 
to be better than 1Â (the minimum step resolution of the stepper m otor-driven 
diffraction grating) by calibration against emissions from a m ercury discharge lamp 
and a nitrogen plasma. It has also been demonstrated that the wavelength repeatability 
from spectrum to spectrum is effectively absolute (i.e. any d rift or hysteresis is below 
the detectable limit of the instrument).
4.3 Wavelength Resolution
4.3.1 Theorv of the Concave Grating
The concave diffraction grating, combining the diffracting properties of a plane grating 
with the focusing properties of a concave m irror was conceived by H A Rowland in 
1882 (Samson 1967). He found that if  the concave grating was placed tangentially 
touching the circumference of a circle of a diameter equal to the radius of curvature 
(R) of the grating, the spectrum of a light source placed on the circumference of the 
circle was focused on this circle, as shown in Fig. 4.3. This circle is known as the 
Rowland circle and forms the principle of operation of the Seya-Namioka and many 
other vacuum spectrometers.
Grating (radius of curvature
Ajg-
,A1
'  -  'R / 2
Rowland Circle 
diameter R
Entrance slits
Grating Normal
Fig. 4.3 The Rowland circle
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The diffraction equation for a concave grating is given by:
= d ( s in a  + s in ji)  ....4.3.1
where \  is the incident wavelength, m  is the spectral order, and a  and (3 are the angles 
between the incident and diffracted beam, and the grating normal, respectively.
4.3.1.1 Dispersion
The dispersion determines the distribution of the diffracted spectrum along the 
Rowland circle. The angular dispersion may be determined by differentiating (4.3.1).
Angular Dispersion dfi m ....4.3.2
d \  dcosjJ
The actual spread of wavelengths per unit length along the Rowland circle is given 
by a quantity known as the plate factor, which is the reciprocal of the linear dispersion 
dl/dx. Rewriting the plate factor in terms of A|3 gives:
^  _ ^  Ap ....4.3.3
Â7"Â p‘ Â7
From Fig. 4.3 it is evident that i ? A p  « A  4 where R is the radius of the concave grating. 
Therefore (4.3.3) becomes:
A \ 1 ....4.3.4
In the limit A may be replaced by the differential d. Combining (4.3.2) and (4.3.4), 
this gives:
Plate Factor dA. dcosp
X 10"* A / mm  ....4.3.5
dl  mR
cosp
f nÆ( l / d )
where R  is measured in metres and ( 1 /d )  is the number of grating lines per mm.
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4.3.1.2 Resolving Power
The resolving power of  a spectrometer defines the least resolvable wave­
length difference (A \) ^ in  between two spectral lines. The resolution limit is given 
by the Rayleigh criterion which states that two lines of equal intensity will just be 
resolved when the principal maximum of one coincides with the first minimum of 
the other. In this case the angular separation of the lines equals half the linewidth 
(Hecht 1980) and is given by:
f A \ ' \  — ^  ....4.3.6
where N  is the number of grating lines exposed to the incident radiation. Expressing 
the minimum wavelength separation, in terms of (A(3)min, we have:
which, when combined with the equation for the grating dispersion (4.3.5) gives: 
Resolving Power \  ....4.3.8
4.3.2 Experimental
The monochromator was tuned to the 4363Â line in the mercury lamp emission 
spectrum. Successive spectra of this line were recorded as a function of the slit width 
of the monochromator. The resolution of the spectrometer may be quantified in terms 
of the linewidth at half the peak amplitude. This quantity is plotted as a function of 
the spectrometer slit widths in Fig. 4.4.
4.3.3 Discussion
The Seya-Namioka spectrometer used in these experiments comprises a grating of 
radius o f curvature 0.5m, ruled with 600 lines/mm. Substituting these values in 
equation (4.3.5) gives a reciprocal linear dispersion, or plate factor, of 34 A/mm. The 
actual and theoretical variation of the 4363À linewidth is shown in Fig. 4.4.
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The theoretical minimum resolvable linewidth is given by the first order resolving 
power. Given an exposed grating width of 20mm, substituting in equation (4.3,6), 
the resolving power is calculated to be 12000. The m anufacturer has measured the 
actual resolving power to be 85% of this theoretical maximum or 10200. At 4363Â 
the wavelength resolution should theoretically be 0.43Â, but the measured resolution 
was found to be approximately 2Â. The disparity between theory and experiment 
could be attributed to angular misalignment between the image focused on the exit 
slits of the monochromator and the slits themselves which would produce a loss in 
resolution.
4.4 Plasma Species Identification
4.4.1 Introduction
Optical emission spectra from the experimental system were stored on floppy disc. 
Subsequently the data could be recalled and displayed on the computer. In order to 
facilitate the identification of the complex observed emission lines, a database of 
published data on optical emission lines and their species assignments was entered into 
the system.
4.4.2 Database Description
The principle sources of data used in the construction of the database were 
"Identification of Molecular Spectra", edited by Pearse and Gaydon (1941), and the 
53^^ edition of the "Handbook of Chemistry and Physics", edited by Weast (1972-73), 
Emission lines were stored in separate data files according to their species assignment 
(e.g. Singly ionised atomic oxygen 0+, Doubly ionised molecular oxygen 0%"^^) and 
could be recalled by species type to be compared with the experimental spectra.
4.4.3 Spectral Characterisation
Using the technique described above, a comprehensive assignment of the oxygen 
plasma spectrum in the range of the spectrometer (500 to 6000Â) was achieved. A 
typical spectrum from 1000 to 6000A is shown in Fig. 4.5, and others from 500 to
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700Â, and 900 to llOOA are shown in Fig, 4.6 and Fig. 4.7 respectively with the 
corresponding line assignments. A detailed table of oxygen plasma line assignments 
is given as Appendix D.
The same technique was employed in identification of species produced during the 
etching o f polymers. Fig. 4.8 shows the emission spectrum from  an oxygen plasma 
with, a), and without, b), a sample of polyimide. Again the database was employed 
to identify the product species as shown.
4.4.4 Discussion
The optical emission lines shown in the oxygen plasma spectrum of Fig. 4.5 result 
from two types of de-excitation process. The first of these is the electronic transition, 
which occurs between different energy levels in both neutral atoms and molecules 
and in ions. In general the shorter wavelengths emitted are produced from the most 
highly ionized atoms as may be clearly seen in Fig. 4.6 and Fig. 4.7 where numerous 
lines are assigned to contributions from 0+  and 0++. Detection of radiation from 
multiply ionized species confirms that electron energies of at least 35eV exist in the 
plasma. The role of 0++ in etching processes is further explored and discussed in 
section 7.
The second type of radiative transition is the rotational transition. This transition can 
only occur in molecular species since it relates to rotation of the molecule, in this case 
the dum b-bell shaped O2 . This mode of transition is generally lower energy and 
therefore occurs at longer wavelengths, as seen in the O2+ peaks at 5258, 5586, and 
5978Â in Fig. 4.5.
The most prominent line in the oxygen spectrum is at 1304A. This peak, in fact, 
comprises three peaks due to transitions from neutral atomic oxygen at 1302, 1305, 
and 1306A. The oxygen spectrum in Fig. 4.9 gives a higher resolution spectrum of 
this peak, obtained by reducing the monochromator slit widths. The triplet peak is 
here resolved into a doublet. The broader peak at 1305A comprises the 1305 and
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1306Â which cannot be resolved by this spectrometer. The emission produced at 
1302Â is caused by an electronic transition from the first excited state to the ground 
state of the atom.
Fig. 4.8 shows an oxygen spectrum with (blue) and without (red) a sample of polyimide 
in the etch chamber. The etching reaction results in the production of hydrocarbon 
products. The peak at 2890Â in the blue spectrum is a doublet, both peaks being 
associated with C02^. and the peaks from 1600 to 2000Â are associated with CO. 
The production of lines due to CO2 and CO during polymer etching has already been 
mentioned. An additional effect, however, is the reduction in the peak heights at 
1217A and 1304Â. This reduction is caused by depletion o f reactant (oxygen) species 
in the etching process.
4.5 Endpoint Detection
The two oxygen plasma spectra with and without a sample of polyimide, shown in 
Fig. 4.8, clearly illustrate the presence of reaction product species which have been
attributed to CO and CO2 as shown. The CO2+ emission peak centred at 2890À
-  2 -  2
(B X  rQ is, in fact, a doublet of peaks at 2883 and 2896Â, each of which is itself
composed of two emission lines. Since this doublet gave the clearest indication of the 
polymer etch process, it was employed as an indicator of the progress of polymer 
etching reactions.
To accomplish this, the spectrometer was tuned to this wavelength and the output 
intensity of this line was monitored as a function of time. A typical endpoint signal, 
obtained during the etching of a polyimide coated wafer sample, is shown in Fig. 4,10.
On striking the plasma (T = 11s), there is an immediate rise in the peak intensity from 
the 20mV background level. A fter an initial peak in emission, attributed to an initially 
higher etch rate as the unused reactants are consumed, the emission settles to a 
constant value as the diffusion of reactants to the polymer surface is balanced by 
removal and diffusion of etch products away from the surface. A fter 230s, the amount 
of CO2 ''" being produced begins to fall, signalling that the polyimide film has been 
etched away.
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4.6 Spatial Mapping of Plasma Species
4.6.1 Introduction
As mentioned during the description of apparatus in section 3, the parallel plate 
electrode system can be configured so that the two electrodes can be raised and lowered 
as one unit under computer control (see Fig. 3.1 and Fig. 3.2). This facility was used 
in order to map the relative concentration of various plasma species between the earth 
and the rf  electrode.
4.6.2 Experimental
Plasma species O, 0+ , 0++, O2+, and €02"^ were identified using the technique 
described in section 4.4. The actual emission lines employed were those tabulated in 
section 7.3.1 with the addition of the C 02^ doublet at 2890Â.
Spatial information was collected in one of two ways. The first was to tune the 
monochromator to the wavelength of interest and to continuously monitor this 
wavelength whilst the whole electrode system was displaced vertically at a speed 
defined by the step frequency of the motor and the pitch of the lead screw. Given 
the latter two values, the exact position o f the electrodes with respect to the centre 
line of the monochromator could be determined. The electrode configuration shown 
in Fig. 3.1 was used for these experiments.
The second method involved acquisition of emission spectra over an extended 
wavelength range with the electrodes held at a defined vertical position. The amplitude 
of emission peaks from a series of such spectra at different vertical positions could 
then be employed to reconstruct a similar spatial map.
All data described in this section was collected using a pure oxygen plasma under the 
following conditions: frequency 0.4 or 0.6MHz, chamber pressure 200mT, input power 
lOOW, electrode separation 30mm, and gas flow rate of 10, 20, or 50 seem.
4.6.3 Results
Fig. 4.11 shows the relative intensity of emission at 1304Â (O) between the two 
electrodes, separated by 30mm, at a frequency of 0.4MHz and pressure of 200mT (the
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other plasma conditions are given in the figure). The most significant feature is the 
prominent peak in emission 5mm above the r f  electrode. The emission is more uniform 
across the bulk of the plasma, falling away more gradually towards the earth electrode. 
Also of note are the two dark space sheaths adjacent to each electrode.
The emission at the 2890À C 02^ doublet was also recorded under the same conditions. 
Fig. 4.12 shows that variation both without, a), and with, b), a sample of polyimide 
film on the earth electrode. The finite emission level without any polyimide present 
denotes some contamination of the chamber. The emission intensity is largely uniform 
across the plasma with a small increase 9.5mm above the rf  electrode.
The spatial emission variation was also mapped by acquisition of full spectra at defined 
vertical positions of the electrodes, as mentioned in the previous section. The first 
of these positions, was located on the 1304Â peak, 5mm above the r f  electrode, the 
second was located 15mm above the rf  electrode (i.e. mid way between the two 
electrodes), and the third was located 5mm above the earth electrode surface.
Spectra at 0.6MHz were collected at each of these positions for flow rates of 10, 20, 
and 50 seem, and the relative amplitudes of the chosen peaks measured. Figures 4.13, 
4.14, 4.15, 4.16, and 4.17 show the relative intensities at each of the three positions 
and for each of the three flow rates of the species O, 0+, 0++, O2+, and CO2'*'.
4.6.4 Discussion
Fig. 4.11 shows the variation of O emission intensity across the plasma with a peak 
5mm above the rf  electrode. As expected, similar behaviour is shown in the discrete 
measurements of O species emission taken from several spectra shown in Fig. 4.13. 
Again a peak in emission near the rf  electrode is seen with a gradual fall o ff towards 
the earth electrode. The region of peak luminosity above each electrode is caused by 
excitation of gas species by electrons propagating from the electrode surface (Bletzinger 
1986) (see section 2.5.3). The propagation distance is a function of the electron 
velocity, which in turn depends on the electron collision frequency and therefore of
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the mean free path a  of the electrons. The primary collision process responsible for 
emission is between the electrons and neutral oxygen molecules, and the mean free 
path for this process is given by:
. 1 ....4.6.1
A   -------------------------—-------------------------------------   —
where:
Rrnoi = number density of oxygen molecules
= radius of oxygen molecule 
Te = radius of electron
^moi = effective velocity of oxygen molecules
Ug = effective velocity of electrons
Assuming that = 0, and that the electrons and neutrals are in thermal equilibrium 
= Vg) simplifies equation 4.6.1, giving:
1 ....4.6.2
2
Remembering that one mole o f any gas occupies approximately24dm3 at 760T and
20^C, the mean free path for electrons in molecular oxygen at 760T can be calculated
to be A = 5.63xlO"^m. Now 1 /  A and therefore:
Af ; f  2 ....4.6.3
A;>2 P I
and substituting in the value for mean free path at 760T, and solving for A the mean 
free path at pressure f ,  gives:
A/.= 427.8 ....4.6.4
where Af is in mm, and P in milliTorr. At a pressure of 200mT, this gives a mean
free path for electrons colliding with molecules of 2.1mm. This value for the mean 
free path is of the same order, but slightly smaller than the typical 5mm distance of
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the peak emission above the electrode. The above argument assumes that the electrons 
and molecules are in thermal equilibrium, not necessarily a good assumption owing 
to the vast difference in molecular and electronic mass. Assuming instead that the 
mean electron velocity is much greater than the mean molecular velocity, has the 
effect of eliminating the sfz from equation 4.6.2, and increasing the calculated mean 
free path by the same factor to a value of 3.0mm.
Significantly this experimental measurement of the O distribution, showing a peak in 
emission above the rf  electrode is also predicted by Graves and Jensen (1986) using 
the model outlined in section 2.5.3.1. In their model this peak is rather more pronounced 
in a dc discharge than in an rf  discharge where much of the ionization has shifted to 
the bulk of the plasma.
The variation of O+and 0++ (Fig. 4.14 and Fig. 4.15) shows a more uniform  distribution 
of intensities but with a fall o ff near the r f  electrode. The 02"*" emission distribution 
(Fig. 4.16) is more extreme with an even greater diminution of intensity near the rf 
electrode. This distribution is similar to that for the background CO2 '*' contamination. 
Comparing Fig. 4.11 and Fig. 4.12 a), the O and CO2'*' distributions, however, it is 
evident that the peak in 1304Â occurs 5mm above the rf electrode whereas the 
relatively uniform emission from the C0 2 ‘*’ has already begun to fall o ff from 10mm 
above the surface. This is consistent with the lower emission by CO2+ measured 5mm 
above the rf  electrode shown in Fig. 4.17. It is noteworthy that the peak in 002"^ 
emission corresponds to reduction in the O distribution. This suggests that atomic 
oxygen is an active species in the etching of polymers.
The large peak above the rf  electrode of the O emission distribution is in sharp contrast 
to the distributions of the other oxygen species which are more uniform. This peak 
of O emission supports the statement above that production of atomic oxygen by 
collision of molecular oxygen with electrons from the rf  electrode is the primary 
mechanism of oxygen dissociation. The atomic oxygen produced diffuses between 
the electrodes and undergoes further reactions producing the secondary species 0 + 
and 0 ++.
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4.7 Effect of Flow Rate
4.7.1 Introduction
The variation in optical emission from previously identified plasma species has been 
measured as a function of the input oxygen gas flow rate. This data is compared with 
the flow rate dependent data described in the previous section on spatial effects.
The effect of oxygen flow rate on the emission from C02+ at 2890Â whilst etching 
polyimide was also explored.
4.7.2 Experimental
The data was collected at an rf  frequency of 0.6MHz and an input power of lOOW in 
a pure oxygen plasma. The electrodes were set at a separation of 20mm with the 
optical spectrometer viewing the mid point of the plasma between the electrodes. The 
chamber pressure was maintained at a constant pressure of 200mT while the oxygen 
flow rate was varied from 5 to SOsccm.
Measurements of the amplitude of the C 02^ emission peak at 2890Â was made while 
etching polyimide under flow rates from 10 to 300sccm. The data was collected at 
an r f  frequency of l.OMHz and an input power of lOOW. at a pressure of 200mT.
4.7.3 Results
Optical spectra were acquired at flow rates of 5, 10, 15, 20, 30, 40, and 80sccm. The 
complete spectra from 1000 to 6000Â are shown in Fig. 4.18. For reasons of clarity, 
the spectra at flow rates of 10, 15, and 30sccm are omitted.
The amplitude of previously assigned emission peaks in these spectra was measured, 
from which the variation in emission from identified plasma species was derived. 
This variation, as a function of flow rate, is shown in Fig. 4.19. for the species O, 
0 +, 0 ++, 0 2 +, and CO2+.
The effect of flow rate upon the emission attributed to CO2+ at 2890À while etching 
polyimide in a pure oxygen plasma is shown in Fig. 4.20.
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4.7.4 Discussion
With no polyimide sample in the chamber it may be seen that the proportion of C0 2 '^  
present decreases rapidly to a negligible value as the flow rate increases. This behaviour 
would not be expected if  the CO2+ present was produced as the result of an etching 
reaction. In this case the quantity of CO2 produced would increase as the supply of 
reactants also increased. It may be inferred, therefore, that the CO2 present when 
no sample is being etched is primarily the result of contamination (outgassing or a 
small leak, for example). As the oxygen flow rate increases, so the proportion of CO2 
decreases. A similar rapid reduction of emission with flow rate is seen in the CO2 '*' 
variation with flow rate at the m idpoint of the plasma (15mm from  the rf  electrode) 
in Fig. 4.17.
This conclusion is confirmed by the CO2'*' emission obtained when a polyimide sample 
is being etched. Fig. 4.21 shows that the production of C02*^ doubles when the flow 
rate is also doubled from lOOsccm to 200sccm as the increased supply of reactants to 
the etch surface yields a corresponding increase in etching and, therefore, production 
of etch products such as CO2 .
Both O and 02"*" have a reduced emission at 5sccm which rises rapidly to a near 
saturation value at 40sccm. Conversely, the emission due to 0++ falls by almost 70% 
between 5 and 20 seem and then remains essentially constant as the flow rate is 
increased still further. The 0+  emission remains relatively constant rising only by 
approximately 10% from 5 to SOsccm. This data is in qualitative agreement with the 
flow dependent data in Fig. 4.13, 4.14, 4.15, 4.16, and 4.17, for the values of emission 
intensity measured in the middle of the plasma (i.e. 15mm from the rf  electrode).
The gas flow rate is a parameter which relates directly to the residence time t  of a 
gas molecule. That is the mean time it remains in the etch chamber before being 
pumped away. If the chamber volume is V  m^ and the flow rate is Q seem, then the 
mean residence time is given by:
Residence Time p y  6 0 x io *  ....4.7.1T = Q P,
I n t e n s i ty0 10
005
c m
2 0 3 0 4 0
Fig, 4.21 Spatial variation of CO2 ''" emission during polyimide etching at oxygen flow rates of a) 100, and b) 200sccm
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where p  is the chamber pressure in Torr, po is the pressure of the inlet gas, and 
6 0 X 1 0 * is a conversion factor for the units of flow employed (i.e. from seem into 
m^s"^). The volume of the etch chamber is 0.037m3 and the chamber pressure 200mT, 
Substituting these values in equation 4.7.1 gives residence times ranging from 117s at 
5sccm down to 7s at SOsccm.
For relatively short residence times below 30s (corresponding to a flow rate above 
20sccm) the proportions of O, 0+ , 0++, and remain approximately the same. As 
the residence time increases from 30s up to 117s the composition changes radically 
with a halving of the proportions of O and 0 2 ^  and an increase in 0++ of the order 
of 200%. The 0+  emission level remains approximately constant.
The effect of flow rate upon the emission attributed to CO2+ at 2890Â is shown in 
Fig. 4.20. The amplitude of this emission is proportional to the polymer etch rate. 
The etch rate, and therefore the rate of CO2 production increases up to a maximum 
at 20sccm indicating that the etch process is partially starved of reactants below this 
flow rate. A t 20sccm the supply of reactants matches the demand and the etch rate 
reaches a maximum. As the flow rate increases further, however, the etch rate remains 
constant but the residence time shortens. Thus the rate at which etch products are 
swept from the chamber increases as the residence time shortens but the rate of CO2 
production remains constant. As a consequence, the concentration of CO2 in the 
process chamber falls as the flow rate increases with a concomitant fall in optical 
emission.
4.8 E ffect of Power
4.8.1 Introduction
The variation in optical emission from previously identified plasma species has been 
examined as a function of the input rf  power in the range 0 to 600W - equivalent 
power densities of 0 to 3.4 Wcm"^.
The effect of the presence of a polyimide sample in the plasma upon the emission 
from the C0 2 ^ etch product line at 2890Â was demonstrated.
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4.8.2 Experimental
The data was collected at rf  frequencies of 0.4 and l.OMHz and rf  input powers from 
0 to 600W (0 to 3.4 Wcm"2) in a pure oxygen plasma. The electrode separation was 
30mm with the optical spectrometer viewing the midpoint of the plasma. The chamber 
pressure was maintained at a constant pressure of 200mT.
The emission from the CO2+ doublet at 2890Â while etching polyimide was also 
investigated at 0.4MHz and at a pressure of 200mT at r f  power levels from 0 to 400W.
4.8.3 Results
Fig. 4.22 and 4.23 show the variation in optical emission from oxygen plasma species 
as a function of the rf  input power, for O, and 0+, 0++ and 02"^, respectively. The 
effect of rf  input power upon the CO2+ optical emission at 2890Â while etching 
polyimide in O2 is shown in Fig. 4.24.
4.8.4 Discussion
As expected the effect of an increase in power to the plasma is a corresponding 
increase in emission amplitude. The relationship between power and emission amplitude 
for O is approximately linear over the power range shown and is similar for both 0.4 
and l.OMHz.
The variation of emission for 0+,0++, and 02"^ does not show a linear dependence 
with r f  input power, as in the case of atomic oxygen. From 0 up to 200W there 
appears to be an initial linear increase of emission with power, but this virtually 
saturates above 200W and shows only a slow rise to 600W.
The etch rate of polyimide is proportional to rf  input power. The rate of CO2 
production as a result of the etching reaction is also proportional to power. This fact 
is demonstrated in Fig. 4.24 showing a linear relationship between the amplitude of 
the optical emission peak at 2890Â and the r f  input power. The linear dependence 
of emission from atomic oxygen with power also suggests that the supply of atomic 
oxygen to the wafer surface is im portant in limiting the polyimide etch rate.
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4.9 Conclusions
The following conclusions can be drawn:
1 The wavelength accuracy and repeatability is within the 1Â minimum step res­
olution of the monochromator. The wavelength resolution of the instrum ent at 
4363Â is approximately 2A. This resolution should theoretically be 0.43À 
indicating angular misalignment of the image and the monochromator slits. Since 
the wavelength resolution is proportional to the wavelength of the incident 
radiation, the monochromator is capable of resolving the triplet oxygen peak, 
centred at 1304Â, into a doublet.
2 The calibration of the optical spectrometer permitted assignment of emission from 
the oxygen plasma to known excited states of the species; O, 0+ , 0++, 0 2 '*', and 
C0 2 ‘*' (when etching polyimide).
3 The presence of 0++, and possibly 0+++, in the plasma has been detected 
confirming the presence of high energy electrons and calling into question the 
role of these species and the high energy ultraviolet radiation in polymer etching. 
This subject is developed in section 7.
4 The width of the dark space above the sheath is of the same order as the mean 
free path of electrons colliding with O2 in the plasma.
5 The emission intensity from  C0 2 '^  as a function of flow rate, shown in Fig. 4.20, 
passes through a maximum at 20sccm. This behaviour indicates that at flow rates 
below 20sccm the reaction is limited by the supply of reactants to the surface 
(reaction steps 1 and 2 of section 2.5.3.3). As the flow rate increases further, 
however, the residence time shortens so that the concentration of CO2 falls.
6 The rate of polyimide etching is proportional to the input power. The emission 
from  CO2 and O also increase linearly with power indicating that not only is the 
emission at 2890Â a linear indication of the etch rate but also that the flux of 
atomic oxygen to the polymer surface limits the overall etch rate v and thus the 
etch rate is proportional to the atomic oxygen concentration or v%[0 ] .
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This behaviour is consistent with the three step model for polymer etching detailed 
in section 2.5.3.3 where step 1, the initiation of the reaction by atomic oxygen 
forming radical species on the surface by extracting hydrogen limits the overall 
etch rate (RH + o  • R • + OH •, R • + 0 • r q  •). That this initial step in the reaction 
process should limit the overall reaction rate is not surprising. The flux of neutral 
0 2  to the surface, given by equation 2.5.18, is r„eufra<s = 2.9x10^0 
m olecules.cm'^s" ^ . This regime is similar to that given as an example following 
equation 2.5.15 where = 10^^ to 10^7 ions.cm '^s"^, and therefore the surface 
coverage 0 a i. Thus there is an ample supply of O2 to the surface and, therefore, 
step 2 of the etching mechanism does not limit the reaction rate. Similarly, the 
ion bombardment energy is relatively high, since the dc bias is in excess of 200V 
under all conditions, and therefore the removal of volatile species under ion 
bombardment should not be limited by the supply of desorption energy to the 
surface (step 3).
78
5 MASS SPECTROMETRY
5.1 Introduction
The quadrupole mass spectrometer was employed for essentially two purposes. Firstly, 
it was used to identify species present in the plasma in order to aid in the full 
characterisation of emission spectra. Secondly, it was used as an endpoint monitor in 
conjunction with the previously described optical technique.
The following sections describe species identification and endpoint detection using 
mass spectrometry.
5.2 Spectrum Species Assignment
5.2.1 Experimental
Fig. 5.1 shows the mass spectrum from 1 to 100 amu of an oxygen plasma both without 
(blue), and with (red), a sample of polyimide film in the chamber. The most notable 
effect of the presence of the polyimide sample is an increase in partial pressure at 
masses 12, 13 14, 17, 18, 28, and 44 amu corresponding to the following species C, 
CH, CH2 , o h ,  H2O, CO, CO2 . There is also a decrease in partial pressure at masses 
16, and 32 amu corresponding to O and O2 .
It was noted that on striking a plasma, some of the spectral peaks changed in amplitude, 
indicating an interaction of the oxygen plasma with the chamber. The mass spectrometer 
was tuned to each peak individually in the spectrum and the effect of turning the 
plasma on and o ff was noted both with and without, a polyimide sample in the chamber. 
The results are tabulated below. The figures in the table are percentage change in 
partial pressure on turning on the plasma. Positive and negative values denote a rise 
or fall in pressure respectively.
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Mass No. 
(AMU)
Percentage Change in Partial Pressure 
on turning on plasma
Species Assignment
No Sample Kapton
2 150 181 H2
12 17 10 C
13 3 18 CH
14 <1 90 CH2
16 <1 -9 O
17 <1 11 OH
18 <1 12 H 2O
26 <1 -8 C2H2 or CN
28 30 314 CO
29 7 86 CHO
30 98 87 CH2O or NO
32 <1 -22 O2
44 13 80 CO2
5.2.2 Discussion
Mass spectrometry may be employed as an easy means of characterisation of species 
present in the plasma. The following factors must be born in mind, however, when 
interpreting mass spectra:
species entering the chamber sampling tube may decompose, recombine, or 
interact with the inner surface of the tube.
species reaching the quadrupole are ionised, and may be cracked into smaller 
molecular components.
contamination from pump oil, and degassing from surfaces within the vacuum 
system.
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It is evident from the above table that there is some interaction between the plasma 
and contaminants in the etching chamber. This interaction manifests itself as increases 
in partial pressures at mass 2 (H2), 28 (CO), and 30 (CH2O or NO), In addition there 
are smaller increases in pressure at mass 12 (C), 13 (CH), 29 (CHO), 44 (CO2). It is 
apparent, therefore, that a background level of contamination exists in the chamber.
The presence of the polyimide sample results in increases in the partial pressure at 
mass 13 (CH), 14 (CH2), 17 (OH), 18 (H2O) and 28 (CO), 29 (CHO), 44 (CO2) as 
gaseous hydrocarbon and water products of the etch process are generated. The etching 
process inevitably results in a decrease in the concentration of the etchant gas and 
this behaviour is seen at mass 16 (O) and 32 (O2).
5.3 Endpoint detection
As described in the previous section, the progress of the etch process was accompanied 
by clear changes in the mass spectrum of the sampled gas. By tuning to a particular 
mass number, it was possible to use mass spectrometry as an endpoint detector in a 
similar way to the optical spectrometer.
In Fig. 5.2, a typical endpoint signal, obtained during the etching of a polyimide 
coated wafer sample by monitoring the partial pressure at mass 28 (CO), is shown. 
Also shown is the corresponding optical endpoint signal at 2890Â (CO2+). As one 
might expect the form of the two endpoint signals is similar since the amplitude of 
both is proportional to the concentration of the etch product.
Fig. 5.3 shows three mass spectrometric endpoint signals at mass 44 (CO2) obtained 
while etching a polyimide coated wafer at a frequency of 13.56MHz, and flow rate 
of 50sccm, and at the pressures (a) 20mT, (b) 200mT, and (c) SOOmT. At 20mT, the 
reactant density is low and, therefore, after an initial surge in etch rate, the etch rate 
falls to a steady state value where the reactant supply limits the etch rate. The initial 
fall in product partial pressure and the further drop on endpoint have a relatively fast 
time constant of a few seconds. This time constant is a function of the residence 
time X and can be calculated from equation 4.7.1 to be 1.2s.
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At the higher pressure of 200mT (Fig. 5.3 b) )there is no initial peak in etch rate 
indicating that there are ample reactants present in the plasma available to react with 
the polymer surface. In this regime, therefore, the reaction is limited by removal of 
etch products from the surface. The residence time at 200mT is x =  11.7s, and at 
SOOmT X = 46.7s. This increase in residence time accounts for the increasing time 
constant of the measurement system with pressure shown in the figure.
5.4 Conclusions
Mass spectrometry has been used to identify active species in the plasma during etching 
of polyimide. The primary reactants as expected are O and O2 , and the main etch 
products the hydrocarbon and water derivatives; H 2 , CH, CH2 , OH, H2O, CO, CHO, 
and CO2 .
Endpoint detection using etch product species has been demonstrated and the form 
of the endpoint curve, using both optical emission and mass spectrometry, has been 
shown to correlate with the supply of reactants to the surface and the residence time 
of the reactor.
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6 EARTH ELECTRODE GRID ANALYSER
6.1 Introduction
The earth electrode grid analyser described in section (3.3.3) is essentially a type of 
electrostatic probe. Being mounted beneath the surface of the electrode, however, 
the probe is non-invasive and does not perturb the plasma by its own presence as is 
frequently a problem in the application of probes immersed in the plasma (Chapman 
1980). In addition the probe is also shielded from the applied rf  which could otherwise 
distort the probe curren t/ voltage characteristic.
The remainder of this section is devoted to the development of the theory of electrostatic 
probes with respect to the grid system used in these experiments. This theory is 
compared with a limited number of experimental grid characteristics but the bulk of 
the experimental work undertaken using this probe is described in section 7, where 
the results obtained could be compared with data obtained using other spectroscopic 
techniques.
6.2 Theoretical Treatm ent of Grid Analyser
Unlike a conventional electrostatic probe where the current from the probe is measured 
as it is itself biased, in the case of the grid analyser the current flowing from the 
collector plate is measured as potentials are applied to the separate biasing grid.
A typical example of the collector current response of the analyser as a function of 
the biasing voltage is shown in Fig. 6.1. It is evident that the waveform is similar to 
that from a conventional electrostatic probe and the shape of this waveform is amenable 
to similar interpretation.
The total current I  tot to the collector plate comprises contributions from four sources; 
an electron current /^, a positive ion current 1+^  a negative ion current and a 
contribution due to the secondary electron or photoemission from the collector plate 
lem^ so that:
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The negative contribution to the current is assumed here to be due solely to electrons 
and negative ions are neglected. This assumption is a reasonable one to make 
remembering that the electron mobility is far higher than any ion, and also that the 
rate constant for negative ion recombination is large (reaction 32 of appendix A). The 
electron emission current flowing away from the collector appears as a positive current 
to the collector.
Referring to Fig. 6.3, when the grid bias is zero (point C on the figure), there 
is a net negative current to the collector. It is to be expected that this current should 
be negative owing to the higher mobility of the electrons over the positive charge 
carriers (ions). (At the rf  electrode, this higher electron mobility has the effect of 
biasing the capacitively coupled electrode negatively so as to balance the flux of 
positive and negative species arriving at the electrode). As a positive potential is 
applied, instead of the collector current becoming more negative (as seen with a 
conventional probe) the negative current decreases. This is a result of electrons from 
the plasma being captured by the biasing grid. It is noteworthy that the positive slope 
of this region (between points C and F) of the characteristic curve indicates that more 
electrons are deflected than positive ions are repelled. This does not infer that the 
electron energy distribution is of lower energy than the ion energy distribution, 
however, rather that the electron contribution to the current is dominant.
As the bias potential is increased further, the collector current is quenched (point D) 
and therefore, from equation 6.2.1, /& + /* + = 0. Further increasing the positive
bias produces a continued increase in the collector current until it saturates at point 
F. It is evident that this current cannot be attributed to the positive ions since all 
these would be retarded by the grid long before the electrons because of their lower 
energies. Thus the current at F must be due to electron emission from the collector 
plate. Since the photon flux to the collector plate is dependent only on the plasma 
conditions and not on the grid bias, the photoelectric emission current is independent 
of the applied bias, except at negative bias when the emitted electrons may be prevented 
from escaping by the grid.
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Returning now to the unbiased grid, it is patent that, since the current measured at 
point C includes the positive contributions lem  and the electron flux to the surface 
is greater than that indicated by the negative current measured at zero bias. This 
becomes apparent as the grid is biased negatively, and the current becomes more 
negative as the positive ions begin to be collected by the grid. In addition, the 
photoemission current drops as the grid potential retards the emitted electrons from 
the collector plate surface. The net effect of this is that the current becomes more 
negative until, at point B, the photoemission current is quenched completely and all 
positive ions have been captured by the grid leaving an electron current only.
In some cases the current at A or F falls back towards zero as the magnitude of the 
applied potential is increased corresponding to retardation of the incident electrons. 
An example of this behaviour is shown in Fig. 6.2. This effect is sometimes masked, 
however, by the formation of small glow discharges within the analyser structure 
above a certain applied voltage. These glow discharges were accompanied by sparking 
around the grid holes indicating that these small glows were in fact dc discharges. 
This effect was found to occur at applied potentials as low as 40V under some conditions 
so that the points B and F on the characteristic could not always be reached.
Given a complete grid characteristic, however, it should be possible to calculate the 
separate contributions of the electrons, ions , and emitted electrons to the total current. 
Consider Fig. 6.3. The current at points B, C and F are clearly marked as Iq, 
Iq + 1+ + and respectively. Thus the positive ion current can be calculated.
A more useful quantity in determining the contribution of charged species to the 
etching process is the ion flux which can be calculated from the ion current density 
= where A is the area of collector plate exposed to the ion flux. The area 
can be calculated simply given the grid hole diameter (3mm), and the number of holes 
(122), and is 8.62cm^. The ion flux is given by:
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where q is the charge on the positive ions. Considering again Fig. 6 . 1 , « 1.2 mA, 
Iq = -2.0 mA, and /g + /^  + = -1.2 mA, and therefore /./. = -0.4 mA. A negative,
positive ion current is patently ridiculous and therefore it is evident that the 
interpretation of the sensor characteristic is incorrect and may imply the presence a 
significant negative ion contribution due to the species 0 2 “.
This misinterpretation may also be explained by considering the characteristic in 
Fig. 6.4. In this characteristic, the current initially falls to a steady negative value as 
the grid is biased more negatively. At approximately -18V, however, the current 
begins to fall away to more negative values. It is evident, therefore, that the apparent 
negative saturation current value in Fig. 6.1 might exhibit similar behaviour to Fig. 6.4 
at more negative values of bias leading to a larger measured value for Iq and therefore 
a more positive value for I+.
6.3 Conclusions
It is apparent that the grid analyser, under ideal conditions, is capable of allowing 
the total current reaching the earth electrode to be resolved into flux components 
attributable to incident electrons, positive ions and electrons emitted as a result of 
photon and electron bombardment. In practice, however, the formation of glow 
discharges within the grid structure renders the acquisition of complete sensor 
characteristics including both positive, and negative current saturation regions 
occurring at high positive and negative bias, respectively, very problematic. Without 
a complete characteristic, the three flux components cannot be separated and more 
approximate interpretation of the characteristic must be invoked. The latter is discussed 
further in sections 7.3.2 and 7.4.2.
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7 PRESSURE AND FREQUENCY EFFECTS AND PROCESS MODELLING
7.1 Introduction
Plasma conditions are critical in controlling etching characteristics including anisotropy, 
etch rate, the smoothness and contamination of the etched surface, and surface damage. 
In this chapter the effects of chamber pressure and rf  frequency on plasma conditions 
and the resultant etching characteristics are explored.
At each plasma condition data was obtained from the optical emission spectrometer 
and from the grid analyser. In addition the current and voltage waveforms on the 
driven electrode were recorded.
In order to ascertain the relationship between plasma conditions and etch characteristics, 
samples of aluminium masked, polyimide coated silicon wafers were etched under 
each plasma condition. The etched structures were then analysed in the SEM and the 
etch profile measured.
Data was collected at r f  frequencies o f 0.4MHz, IMHz, 7MHz, 12MHz, and 18MHz. 
At each of these frequencies, data was collected at several pressures between 15mT 
and 600mT. All other independent plasma parameters; r f  power input (200W or
1.1 Wcm"2), gas flow rate (SOsccm), and electrode separation (30mm) were held constant.
A model of the processes governing the etch rate and etch anisotropy is developed 
and related to existing models of these processes.
7.2 Experimental Procedure
The matching network was altered to the appropriate circuit configuration for the 
frequency required. A plasma was struck at the chosen pressure and the matching 
network tuned for maximum VSWR.
Discharge conditions were allowed to equilibrate for several minutes and then two 
optical emission spectra from 500Â to 6000Â, the current versus voltage output from 
the grid analyser, and the voltage waveform on the driven electrode were recorded.
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Having collected this set of diagnostic data a complementary set of etching data was 
obtained using polyimide coated, aluminium masked wafer samples previously 
described in section 3.5.
Prior to sample loading, the plasma conditions were optimised to ensure maximum 
VSWR and a stable plasma. An unetched sample was then loaded into the chamber 
and the system pumped down to the ultimate of the roots/blower pump (approximately 
lxlO ‘ ^T). The required plasma conditions were re-established and the wafer specimen 
etched using both optical and mass spectrometric endpoint detection. The C0 2 '*' 
doublet at 2890Â was used as the optical endpoint detector, whilst 44 amu (CO2) or 
28 amu (CO) was chosen as the mass spectrometric output. An example of these two 
signals, used for endpoint detection, is given in Fig. 5.2.
Subsequently the etched specimens were analysed in the scanning electron microscope. 
The wall profiles of etched structures, viewed edge on, were photographed, from 
which measurements of the mask undercut were made.
7.3 Results
7.3.1 Optical Emission Spectra
The optical emission data acquired was characterised in terms of previously identified 
emission lines corresponding to known electronic transitions. The lines chosen were 
as follows:
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Species Wavelength
(A)
Transition Cross-section 
( 10"^^ cm2 )
O 1027 electronic 7.08
1153 electronic ( *D°) 3.00
1217 electronic ( ‘S  -> ‘P®) 1.43
1304-triplet of:
1302 electronic -4 2 ®?% 23.6
1304 electronic 3®5®->2®Pi 22
1306 electronic 3®5?-^2®Po 28
0 + 4417 electronic ^P  ^D °
4592 electronic
4649 electronic ‘P D °
0 ++ 3962 electronic
0 2 + 5259, 5586, 5978 rotational ( ‘^ ■->'*11^  in the first
negative band
The collision cross-section data is taken from Ajello (1985). Appendix B, taken from 
the same reference, gives important total cross-sections for various oxygen species at 
an energy of 200eV.
It is to be expected that the variation in intensity with plasma conditions should be 
similar for lines corresponding to the same species. Fig. 7.1 shows a typical set of 
data for the four chosen O species emission lines at 18MHz. It is apparent that this 
assumption is born out by the experimental results since the intensity variation of 
each of these lines is similar. Given that this shows that the excitation cross-sections 
of each of these transitions have essentially the same dependence under the plasma 
conditions of interest, this allows intensity data to be averaged for each line pertaining 
to a certain species to give a single set of data for each species. Normalization of the 
intensity data for each species type to a common maximum was then performed since 
the absolute intensity values have no significance in these measurements and only
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relative values are meaningful. The variation of emission intensity of lines pertaining 
to O, 0+ , 0++, and O2''' as a function of frequency and pressure is shown in Fig. 7.2, 
7.3, 7.4, and 7.5, respectively.
7.3.2 Grid Analvser
A family of curren t/ voltage characteristics at IMHz, and pressures of 25, 50, ICO 
and 200mT are shown in Fig. 7.6. Similar sets of data were collected at the other 
chosen frequencies and at pressures ranging from 17 to 600mT. In all cases, however, 
the acquisition of a complete characteristic (reaching current saturation at both high 
positive, and high negative bias) was prevented by breakdown as described in 
section 6 .2 . Since the separate components of the current could not be separated, 
therefore, an approximate method for analysis of the characteristic was invoked. 
Essentially this involved the assumptions that, firstly, the net current Iv^o reaching 
the collector when no bias was applied to the grid was proportional to the total electron 
flux incident on the electrode,
e t o t a l  . . . . 7 . 3 . 1
and, secondly, that the potential required to quench the current to the collector K/=o 
was proportional to the maximum electron energy impinging on the electrode,
m a x i  . . . . 7 . 3 . 2
The current Iv^a corresponds to the current measured at point C in Fig. 6.3, and the 
potential K/=o to that measured at point D.
The first of these assumptions (equation 7.3.1) relies on the positive ion current and 
the emission current being much smaller than the electron current. The maximum
secondary electron emission yield ô^ax of a clean aluminium surface equals 1.0 and
occurs at an incident beam energy of 300eV (Chapman, 1980). The yield of secondary 
electrons from a dirty surface will be lower than this ideal value. Also, the energies 
incident on the electrode in a plasma are typically an order of magnitude less than 
this and therefore the secondary electron yield is expected to be of the order of 0 .1.
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Similarly, the photoelectric yield of a surface at these energies is typically less than 
0.1. Thus, it would appear that the emission current can be neglected to a first 
approximation.
The ion current to the surface is given by the expression:
I ^«qn^v  ....7.3.3
where q is the ionic charge and n+. is the number density of ions. A similar expression 
obtains for the electron current. The mean velocity u, however, is inversely proportional 
to the mass. Thus, the ratio ^  ^  = 1.7x10'^  for a monatomic oxygen ion. The 
approximation 7t/=o«/e total would therefore appear to be valid.
Given that the current to the collector plate is dominated by the electronic component, 
it is evident that the potential required to quench this current K,=o is a function of 
the mais, electron energy.
Thus, the two quantities Jy^o = A,  where A is the area of collector plate exposed
to the plasma, and V may be taken as being proportional to the total electron flux 
and the maximum electron energy, respectively. These two quantities are plotted as 
a function o f pressure and at the various frequencies examined in Fig. 7.7 and Fig. 7.8.
The variation of with pressure is similar for all frequencies. At high pressures,
the current is small but as the pressure falls the current density increases to more 
negative values. This move towards higher negative current densities with decreasing 
pressure begins to occur earlier (i.e. at higher pressures) in the case of the data 
collected at 0.4 and l.OMHz.
The bias required to quench the current to the collector appears to have an almost 
random variation at high pressure which is difficult to explain although it may be 
attributable in part to hysteresis of the current voltage characteristic caused by rf 
interference on the output leads from the collector. It is only below 150mT that any 
consistency appears, the bias required to quench the current increasing as the pressure 
falls.
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7.3.3 RF Peak-to-Peak Voltage and DC Bias
Measurements of both the dc self bias {Vdc) and the peak to peak voltage amplitude 
(Vpp) on the driven electrode were taken from the oscilloscope photographs of the rf 
waveform at each plasma condition. The latter two parameters are plotted as a function 
of pressure and frequency in Fig. 7.9 and Fig. 7.10, respectively.
The dc bias decreases continuously as the gas pressure increases. There is no discernible 
functional relationship between dc bias and frequency, however. The peak to peak 
amplitude of the applied rf  decreases in the same way with pressure as the dc bias. 
In addition, however, Vpp also decreases with increasing rf  frequency. Initially it 
was supposed that this frequency dependence was a function of the bandwidth of the 
high voltage probe (i.e. a fall o ff in probe response with frequency). To test this 
supposition, a lOOMHz probe was attached to the common monitoring point of the 
high voltage probe and a signal fed to this point from a function generator. As 
expected, the high voltage probe output, when normalised against the high frequency 
probe output, did show some attenuation with increasing frequency. On applying this 
attenuation correction to the measured values of Vpp, it was found that a significant 
reduction of Vpp with frequency still remained. It is these attenuation corrected 
figures which are presented in Fig. 7.10.
7.3.4 Etch Rate and Etch Directionalitv
Optical and mass spectrometric monitoring of reaction progress was employed during 
etching of the polyimide specimens using the 2890Â 00%^ emission doublet and mass 
44 (CO2). From the measured endpoint times, and given the polyimide film thickness 
of 1.2pm, the etch rate variation with pressure and frequency was calculated and is 
shown in Fig. 7.11.
The etched samples were examined in the SEM at a tilt of 85° to the normal and their 
wall profiles measured. A series of structures etched at several pressures is shown in 
Fig. 7.12. The more isotropic etches provide the largest undercut of the mask and 
this undercut is greatest at the top of each structure. The quantity A", the undercut 
just beneath the mask, and the etch depth, Y  were measured for each sample. The
N N  ’ NX X  , X
S d ] s - a 5q o
d N
•-H
CO w
/
+ / f  à  - k f :
4 -  - 4 f -  i / f
f -
_i L -J O O
ioo
0a
.21
(Q
5
IQ .
'T>
>
.2PQ
Q
o\r~*
00iZ
[A-1 sBia 0 0
i \ -
X
d
0
1S'
I
>I
(UI0
1a
o
.2? iZ
( A )  eGewoA xeej o\ >|Bed dw
[]
(NI I <0 ; <0 ,
i - L L  I  t I I 1 1 I  I I I I I  1 I I  I  I I I I 1 I  I 1 I I I 1 I II I  I UULL ,1, I I I
<M § § 5 3
I
§
oN
0
1
i
%ia
a0
1
s
trii
I .Il
>  —'
,2 =
oom
[UHJUAJOJOiUj] 8%By L|OB
a)
b)
y * * .
Fw" W,*  T '  ^  # -# 1"* \»
20KV 16
20KV 19 005
c)
F i g .  7.12 SEM p h o t o g r a p h s  sh o w in g  i n c r e a s i n g  u n d e r c u t  w i t h  e t c h  i n c r e a s  
p r e s s u r e  a)  46 mT b) 300 mT c) lüOO mT
92
ratio X / Y  is defined as the etch directionality (0) and varies from  zero for a totally 
anisotropic etch to unity for an isotropic etch. This ratio is plotted against pressure 
for several rf  frequencies in Fig. 7.13.
Accurate measurement of undercut was hampered by two effects. Firstly, cleaving 
of the silicon wafer, in order to obtain a clear side view of an etched structure, caused 
stretching of the polyimide film  rather than a cleanly broken etch profile. Attempts 
to increase the brittleness of the polyimide by pre-cooling the wafer in liquid nitrogen 
before cleaving had little beneficial effect. Experience with other, more brittle 
polymers in similar circumstances indicated that the cleaving process could cause wall 
distortion by stretching, and hence thinning, of the polymer structures. To avoid this 
problem, measurements were made on free-standing etched structures as shown in 
Fig. 7.12.
The latter figure also shows the second, more important problem of substrate con­
tamination. The dense, grass-like material covering of the wafer substrate was caused 
by back sputtering of the mask, and to a lesser extent, of the aluminium rf  electrode. 
This contamination was found to be extremely resistant to removal by either solvent 
wash or further plasma processing and greatly impeded profile measurement. Similar 
grass-like contamination effects, caused by redeposition of the aluminium mask on 
the etched polyimide surfaces has been reported by Castellano (1984) and by Herndon 
et al. (1983). The deposits were similarly difficult to remove but the problem was 
circumvented, in the latter referenced work, by changing to spin-on glass as the 
masking layer. This mask material did not erode significantly in the oxygen plasma 
and cause sputtered contamination.
In these experiments the contamination problem was worst at low pressure owing to 
increased sputtering at high dc bias. A similar solution to the contamination problem 
as that described above was introduced during the latter stages of this work, replacing 
the aluminium masking layer with silicon nitride, deposited by plasma enhanced 
chemical vapour deposition (PECVD). This change of mask radically reduced the 
contamination problem but some contamination of the etched surface remained - 
caused by sputtering of the aluminium surface of the r f  electrode. To avoid this, the
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electrode was completely covered by a 6" silicon wafer. U nder these conditions of 
reduced contamination, structures of the quality of those shown in Fig, 7.14 could 
readily be fabricated with negligible surface residues.
7.4 Discussion and Model of Anisotropy
The etch rate is plotted against pressure in Fig. 7.11 and can be seen to pass through 
a maximum with increasing gas pressure. This form of pressure dependence may be 
accounted for as a trade off between two competing processes as treated by Hartney 
(1988) and discussed in section 2.5.3.3. At low pressure a shortage of reactants to 
fuel the etching process limits the etch rate. As the pressure rises so does the flux 
of neutral reactants to the surface and the etch rate increases. At higher pressure 
there is an ample supply of reactants but the ion bombardment flux to the surface 
supplying the desorption energy is reduced. This decrease in particle flux is indicated 
by the decrease of current to the earth electrode as displayed in Fig. 7.7. There is 
also a continual decrease in the energy of bombarding species with increasing pressure 
indicated by the fall in dc bias - Fig. 7.9, peak-to-peak rf  voltage - Fig. 7.10 and 
bias at zero current - Fig. 7.8.
At 0.4MHz this etch rate maximum is pronounced and occurs at 200mT. As the 
excitation frequency is increased this peak moves further toward lower pressure 
occurring at approximately lOOmT at 18MHz. The peak-to-peak voltage also falls 
with increasing frequency indicating that the energies of plasma species are lower at 
high frequency which would have the effect of reducing the etch rate enhancement 
through physical sputtering produced by these species at low pressure. The decrease 
in species energy with increasing frequency indicated by the decrease in peak-to-peak 
voltage on the rf electrode can be attributed to the inability of these species to respond 
to the higher frequency excitation.
The upper response time limit for electrons is given by the plasma frequency (Chapman 
1980):
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which corresponds to a plasma frequency of 0.9GHz for a typical plasma density of 
10^®cm“3  ^ a frequency very much higher than the rf  excitation frequency.
A similar expression for the ion oscillation frequency obtains:
n g Z  \  . . . . 7 . 4 . 2(A), =
Owing to the higher ionic mass, this frequency is somewhat lower than the electron 
frequency at about 3MHz which may explain some of the decrease in Vpp with 
increasing frequency.
The etch directionality 6 rises continuously with increasing pressure as shown in 
Fig. 7.15; that is the undercut of the mask increases with pressure. The form of the 
pressure dependence is very similar to the variation of dc bias and peak-to-peak 
voltage with pressure. It is evident that the process is extremely anisotropic even at 
high pressure. This is not surprising when it is seen that the inter-electrode dc and 
ac potential differences are still of the order of several hundred volts even at 600mT.
Hope et al. (1987) have developed a model o f dry etching processes which relates the 
ion-assisted etch rate proportionally to the dc bias on the sample electrode (equation 
2.5.17). In this model, which has already been discussed in section 2.5.3.3, the random 
etching component is assumed to be due to atomic oxygen, and the directed etching 
to O2+ alone. According to equations 2.5.15-17, the etch directionality ô is given by:
Applying this equation to the etch directionality 6 and dc bias data in Fig. 7.9 and 
Fig. 7.15 gives the result shown in Fig. 7.16. The dotted line shows the form expected 
from equation 7.43. It is evident that at low dc bias (high pressure) the experimentally 
measured anisotropy does not fall of as rapidly as predicted theoretically. This 
discrepancy could indicate that there is a directional component of the etch process 
even at relatively low dc bias, but might also be explained by changes in plasma
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composition with pressure which are not covered by this model since the change in 
dc bias was achieved by pressure change. The solid line is an exponential f it to the 
experimental data of the form:
6 = 0 . 8 6 4 - 0 . 1 1 4 - In( -K) ....7.4.4
It is evident that this f it is extremely close over this limited range and predicts that 
perfect anisotropy should be attained at a dc bias of -1960V. This bias would occur 
naturally (i.e. without an externally applied bias) at a pressure below lOmT. At the 
other extreme, when the dc bias reduces to zero, equation 7.4.4 has no exact solution. 
This situation is essentially non-physical, however, since a zero dc self-bias implies 
an infinite gas pressure.
To understand the factors controlling anisotropy it is necessary to consider the species 
involved in the etching process. The data showing changes of emission from the 
species O, 0+ , 0++, and 02"*" is given in Fig. 7.2, 7.3, 7.4, and 7.5. Continuing with 
the logical assumption that the anisotropic etching is a function of the relative 
abundance of the charged and neutral species, the changes in anisotropy should be 
reflected in the changes in the ratios of not only 0%"^  to O but also 0+  to O and 0++ 
and O with pressure. These ratios are plotted for each of the frequencies examined 
in Fig. 7.17, 7.18, 7.19, 7.20, and 7.21.
The form of the ratio dependences with pressure are similar at all frequencies at and 
above IMHz. In particular, the proportion o f singly ionized species 0+  and 0 2 ^ to 
O decreases with decreasing pressure. Conversely the proportion of 0++ increases 
with decreasing pressure. The implication of these results is that the oxygen species 
0++ has a dominant role in the highly anisotropic etching seen at low pressure. The 
etch is still relatively directional even at the higher pressures. As pressure increases 
the proportion of 0 ++ to neutrals falls away rapidly to approximately 20% of its initial 
value and conversely the proportions of 0 +, and 0 2 *^ increase indicating that these 
species are dominant at pressures above about 200mT.
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It is evident from the above that the real plasma environment contains a num ber of 
charged species apart from O2+ alone which should be considered in formulating a 
model to explain the observed variation in isotropy.
Overall, however, the flux of charged species to the earth electrode decreases as the 
pressure is raised as shown in Fig. 7.7. This flux is consistently negative which is to 
be expected given the higher mobility of electrons over positive ions - the same 
phenomenon which produces the dc self-bias on the capacitively coupled r f  electrode. 
The fall in charged particle flux follows the form of the increase in etch directionality 
0 (or fall in anisotropy) with increasing pressure.
There is some change in the pressure dependence of the intensity ratios at 0.4MHz. 
The intensity ratio of 0 + /0  exhibits a similar pressure dependence to that at higher 
frequencies, although there is a small rise below lOOmT as pressure is decreased. The 
ratio 0 + + /0  again is a maximum at low pressure but does not fall away to small values 
with increasing pressure. The ratio O2V O  shows similar pressure dependence to 
0 ^ / 0  at low pressure but from lOOmT rises again following the 0 + /0  ratio.
The presence of a high proportion of doubly ionized atomic oxygen to neutral atomic 
oxygen indicates that electrons of sufficient energy to ionize the oxygen must exist 
in the plasma. The ionization potential required to produce 0+  is 35.108eV, and 
is 54.886eV.
Supporting evidence for the presence of such high energy electrons is given in Fig. 7.8 
of K|_o, the bias required to quench the current to the collector plate, against pressure. 
As described in section 7.3.2 this potential is proportional, to a first approximation, 
to the maximum electron energy (equation 7.3.2). K,.o rises to approximately 30V as 
pressure is lowered below 75mT which approaches the potential required to produce 
ionised oxygen. This rise in electron energy is consistent with the rise in the proportion 
of 0 ++ as pressure is reduced.
The grid analyser data is essentially dc and obtains for ionized species incident only 
on the earth electrode. As such this reduces the amount of information that can be 
gained about the rf  response of plasma species. This certainly obtains for the collector
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current density which represents a true average measure of current. The bias 
K,.o, on the other hand relates to the highest energy plasma electrons reaching the 
electrode rather than a dc average.
An added difficulty in interpretation of the grid analyser data arises from the grid’s 
physical location in the earth electrode rather than in the rf  electrode above which 
the etch samples are placed in RIE. Fig. 7.9 and 7.10 indicate that particle energies 
considerably greater than those measured using the earth electrode grid should be 
present at the rf  electrode. Particle energies of only a few lO’s of eV were indicated 
at the earth electrode surface. At the rf  electrode, however, the dc bias and rf 
amplitude at low pressure are of the order of lOOO’s of volts. This illustrates that the 
V/=o data collected at the earth electrode can only be used for qualitative comparison 
with etching behaviour. To relate etching behaviour to real particle energies requires 
measurements closer to the r f  electrode using, for example, Langmuir probes or a grid 
analyser in the rf  electrode itself.
There is no discernible frequency dependence of etch anisotropy. Since the average 
energy of charged species reaching the rf  electrode, as indicated by the dc bias (Fig. 7.9) 
shows no frequency dependence, this is not unexpected. There is an indication, 
however, that the energy distribution o f charged species does alter with frequency. 
This evidence comes from the reduction in the peak-to-peak r f  voltage with frequency, 
shown in Fig. 7.10. This trend indicates that the maximum energy attained decreases 
with frequency as the period of the applied field decreases and the electrons and ions 
are more influenced by the average effect of the applied field -  that is, the dc bias. 
This averaging effect is reflected in the reduction of the peak-to-peak voltage towards 
the level of the dc bias at 18MHz.
Zarowin (1983) puts forward a theory of etch directionality based on a thermally 
activated etch reaction composing one single type of ionised reactant (A+) and one 
neutral reactant species (A). He assumes that the ionic reaction activation energy is 
smaller than the neutral reaction activation energy e f by an amount U proportional to
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the kinetic energy obtained by an ion while crossing the sheath electric field, giving 
the following expressions for the neutral reaction rate R q, and the ionic reaction
fr ....7.4.5
a , - i c e " " [ A ]
.7.4.6
/ ? .  =  K 6  [ A " ]
where k is the rate constant. These assumptions are based on data showing that the 
slope of Arrhenius plots for RIE and plasma etching were smaller than for similar 
reactions in the absence of ion bombardment. Comparison with this theory is d ifficult 
since Zarowin employs the function E^ /p ,  the ratio of the sheath field to the pressure, 
which is predicted to be linearly related to the natural logarithm of the etch 
directionality (i.e. according to the expression:
R ....7.4.7
R y
where U x  and U y  are the differences in activation energy for the two etch rate 
components R x  and Ry ,  The closest comparison that can be made with this work is 
to plot the ratio of the rf  electrode dc bias to the pressure against etch directionality 
as shown in Fig. 7.22 a). It is clear that an exponential curve shown in the figure, 
does not give a good fit to the data. This is to be expected, however, since we have 
neglected the variation of the width of the sheath region with pressure which inevitably 
alters the field
Despite the fact that the width of this sheath region was not measured directly in this 
work, its variation with pressure can be estimated. It is well known that the width 
of this region increases as the pressure decreases owing to the increased mean free 
path, which is inversely proportional to the pressure (equation 4.6.4). Dividing the
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Fig. 7.22 Etch directionality 6 as a function of a) the ratio of dc bias to pressure, and b) the ratio of the calculated rf  electrode sheath field to pressure. The curve is an exponential least squares fit to the data.
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dc bias by the calculated value of the sheath width and also by the pressure gives 
^ s / P '  Plotting the etch directionality ô against the respective value of E ^ / p  gives the 
excellent fit to the exponential curve shown in Fig. 7.22 b).
This close correlation indicates strongly that both the non-directional (neutral species), 
and the directional (ionic species) etch processes are indeed dominated by a thermally 
activated chemical process in the reactive ion etching of polyimide in oxygen.
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8 CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK
8.1 Conclusions
It has been shown that optical emission spectroscopy in the vacuum ultraviolet is an 
effective means of identifying reactive plasma species. In particular this technique 
has been used to identify multiply ionised oxygen ions. It has also been demonstrated 
that the proportion of the species 0 ++ increases with respect to neutral atomic oxygen 
with decreasing pressure whereas the proportions of 0+  and 0 2 '*' to O both decrease 
as pressure falls. 0 ++ may, therefore, have a role in the increased etch anisotropy 
obtained at low pressures (below lOOmT). The results of these ratiometric measurements 
using optical emission must be treated with caution. Optical emission from  the 
de-exciation of excited species is not necessarily a true indication of the ground state 
concentration of that species. For example, the species 0 2 ^  can be formed not only 
by electronic excitation directly ( e + Og 0 %' + e) but also by recombination of atomic 
and ionic species.
Spatial measurements of optical emission between the electrodes indicate that atomic 
oxygen is the primary initial species produced by bombardment of electrons accelerated 
from the rf  electrode across the sheath.
The variation of etch rate has been measured as a function of several parameters. The 
pressure dependence of the etch rate indicates the previously seen trade-off between 
low concentration/higher energy species at low pressure, and higher concentration- 
/low er energy/long residence time conditions at high pressure. That the reactant 
supply limits the etch rate at low pressure is indicated by results which show a doubling 
in the C0 2 ^ emission when etching polyimide when the flow rate was doubled from 
100 to 200sccm. This behaviour is manifested as a variation of etch rate with pressure 
showing a peak in the region lOOmT to 200mT.
The exponential relationship between etch directionality ô and E /p  provides supporting 
evidence that the directional and random components of the etching process can be 
described as thermally activated, Arrhenius type, surface reactions. This approach to 
the etching process, however, neglects the strong evidence for a rather more complex,
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three stage process of etching involving initiation of the reaction by atomic oxygen 
to form radical sites on the surface, reaction of molecular oxygen with these radicals 
to form more weakly bound structures before finally being liberated when supplied 
with the requisite desorption energy by ion bombardment. It is in this latter step that 
the species 0 ++, and more highly ionised species, could play a role since the energy 
gained under the applied field is proportional to species charge. In order to gain 
further insight into the role of multiply ionised oxygen in the etch process it is 
necessary to gain information on the concentrations of these species compared with 
the other, more frequently considered oxygen species already known to play an 
important role in the polymer reactions, namely; O - reaction initiator forming reactive 
radical sites on the polymer surface, and O2 -  reacts with these sites to form C-O  
and C-OH containing structures as precursors to the volatile products removed by ion 
bombardment. This requires a different diagnostic technique such as LIF.
?
It has also been shown that the etch directionality results obtained give reasonable 
qualitative agreement with a simple model (Hope 1987) which predicts the variation 
of etch directionality as a function of dc bias in terms of ratios of random (atomic 
O) to directional (O2 '*') etch components. Since the results presented here indicate 
that higher ionisation states of oxygen ,particularly 0 ++ may have significant role in 
low pressure (<100mT) etching it is evident that this possibility requires further 
investigation. Such an investigation would require sensitive quantitative measurement 
of ion concentration s at the etch surface and also measurement of ion flux and energy. 
These twin requirements could be met with a combination of laser induced fluorescence 
(LIF) and glow discharge mass spectrometry (GDMS) at the rf  electrode. In the latter 
case careful consideration of the design of the GDMS would be required since the 
deal position for this would be below the surface of the rf electrode. This problem 
is treated further in the following section.
8.2 Suggestions for Future Work
This work is notable in examining the role of multiply charged etchant species on 
anisotropy. The species 0++ and 0+++, were detected using optical emission spec­
troscopy in the region 500 to 700A but the emission from the latter was too weak to
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be detected and measured under all conditions. Since this work indicates that 0++ 
has a major influence on etch anisotropy it is evident that the characterisation of the 
influence of other multiply charged species is important. This drawback could be 
improved significantly through the use of an improved detection system sampling the 
output from the photomultiplier. This system would comprise a lock-in amplifier 
and a chopper inside the monochromator itself. A suitable chopper would be of the 
vibrating-vane type owing to the twin requirements of vacuum compatibility and 
compactness. The resultant improved signal to noise should allow measurement of 
0 +++ emission and detection of even more highly ionised species, and therefore perm it 
assessment of the influence of these species on the etch characteristics.
An additional enhancement to the detection system would be to replace the photo­
m ultiplier with a linear array of CCD’s. This would allow virtually instantaneous 
acquisition of whole spectra, as opposed to the current scanning technique which 
typically takes over ten minutes, allowing monitoring of emission from more than one 
species during the etch itself.
A major drawback of emission spectroscopy is that the emission is necessarily that 
from excited species rather than the majority ground state population. Relating this 
data to ground state concentrations can be facilitated by using actinometry (see 
section 2.4.2) to account for variations in the excitation cross-section of transitions 
as plasma conditions change. An alternative to this technique is laser induced flu ­
orescence, see Appendix C .l, on the other hand does monitors the ground state 
population and could therefore be useful as a means of simplifying interpretation of 
optical emission intensities. LIF can also be used to provide precise spatial concentration 
and field strength data. Set against these advantages LIF is extremely difficult to use 
when monitoring high energy (short wavelength) transitions owing to the problems of 
producing the optical excitation signal required to detect highly ionised atoms.
Information on the absolute populations of each species involved in surface reactions 
is vital. Optical emission spectroscopy is generally only capable of providing data 
showing relative variation in the concentration of plasma species. Whereas this 
information is useful it does not indicate whether an apparently significant increasing
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concentration of species A with respect to species B is, in fact, of minor importance 
owing to the fact that the absolute concentration of species A is many orders of 
magnitude lower than species B. This illustrates why a technique such as LIF is needed 
in building a complete picture of the plasma chemistry.
The earth electrode grid analyser used in this work was a relatively simple two grid 
device, novel in that it was incorporated in the electrode itself. It is evident from 
more recent work that significant improvements could be made to this design using 
further grids to selectively select a band of energies of incoming charged particles 
and also their polarity. This latter point is significant since the presence of negative 
ions in electronegative plasmas such as oxygen is well known but their role in etching 
processes has been largely ignored. The glow discharge mass spectrometer takes the 
detector one step further by placing the mass spectrometer in the place of the collector 
plate and therefore can detect the current and also the mass of the particle, combining 
the strengths of both the grid analyser and the mass spectrometer.
Two further considerations need to be born in mind in developing an improved energy 
analyser. The first of these is to recognize that the analyser needs to be built into 
the electrode upon which the wafer is placed. In this work where RIE was used this 
electrode is the one driven by rf  electricity. Satisfying this condition requires 
development of an analyser which can be allowed to float at the dc bias of the rf 
electrode, possibly several thousand volts, and at the same time is immune from rf  
noise. These twin requirements can be met using fibreoptic isolation of the analyser. 
Such a device was constructed towards the end of this work but was not installed. 
Essentially it consisted of a similar grid arrangement to that used in the earth electrode 
analyser and was powered by batteries. These batteries supplied the ramp voltage 
driver to the grid, the detection amplifier, and the fibreoptic sender/receiver - all of 
which were housed in the centre of the electrode surrounded by a water-cooled jacket. 
The amplitude of the ramp voltage could be controlled externally over the fibre optic 
link which returned the corresponding collector current signal.
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Successful implementation of an rf  electrode grid analyser is critical since it permits 
exact measurement of the flux, energies, and type (provided a mass spectrometer can 
be incorporated in the floating rf  electrode) of the charged, anisotropy producing 
species, in the plasma actually reaching the wafer surface. This system is essentially 
a fibre-optically isolated glow discharge mass spectrometer This approach avoids the 
invasive and problematic approach of using Langmuir probes immersed in the plasma.
The second consideration is the effect of ultraviolet light. UV irradiation produces 
photoemission from exposed surfaces, including the collector plate. This photo current 
appears as a net positive current from the collector and needs to be quantified, not 
only in order to quantify the other charged components bombarding the wafer, but 
also to assess the contribution of the UV to the etching process itself. To accomplish 
this the collector plate could be offset so that it could not be seen from  the plasma. 
This solution requires bending the beam of charged particles entering the analyser. 
An alternative solution is to exclude all charged particles using the biasing grids.
Employing the above improvements in the diagnostic techniques used, the species 
controlling etch anisotropy, rate and so on could be further characterized, for this 
particular system of polyimide etching in oxygen, and also for other etch chemistries.
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APPENDIX A Elementary Reactions Occurring in an Oxygen Discharge
The data in the table below is taken from Bell (1974), Heidenreich et al. (1988), and Ajello 
and Franklin (1985).
Reaction Rate Constant
k
Cross Section Threshold
(^ max (cm2) Energy
Eth (eV)
Ionization
1. e + Og -4 O2 + 2 e
2. e + O 0  + 2e
Dissociative ionization
3 .  e  +  0 2 - > 0 '  +  0  +  2 e
4. e + O2 + O + 3e
Dissociative attachment
5. e + Og -> O" + O
6 . 8 + O2 O + O* + e
Dissociation
7 .  e + O g - ^ O + O + g
Metastable formation
8. G + O2 02(0  * Ag) + e
9. e + 0 2 -^0 2 (a^Ag) + 6
10. e + 02-»02(b'z;) + e
Charge transfer
11. O^  + Og-^Og+O
12. o;+ o-> o*  + Og
13. o ;+ 0 2 -* o ; + o
14. o;+202-»o;+O g
15. 0 " + O g -» o ;+ o
16. O + 0 3 “>0 3 + 0
17. 0  + 2 0 2 ->0 ; + 0 g
18. O i+O -^O ’ + Og
19. Og + O2 -> O3 + O
20. Og+Og-^Os + Og
21. Og + 2 0 g -> O 4 + Og
4.0 X 10“ 12 cm^s~l
2.1 X 10"t3 cm^s"^
1.1 X 10-9 cm ^s-l 
1.3 X 10-1^ cm ^ s 't
3.6 X 10"t3 cm^s"
3.6 X 10" 13 cm^s"
2 X 10-11 cm^s-
2.8 X 10-30 cm^s- 
2.5 X 10-14 cm3s- 
at E /p  = 20V cm -lT
3.4 X 10-12 cm3s- 
at E /p  = 45 V cm -lT
5.3 X 10-10 cm3s- 
1.0+0.2 X 10-30 cm 
5 X 10-10 cm3s-
4.0 X 10-10 cm3g- 
3 X 10-31 cm^s-
-1
-1
-1
2.72 X 10-16 
1.54 X 10-18
1.0 X 10-16
3.0 X 10-20
8 X 10-16
1 X 10-16
10-18
12.2
13.8
30.83
71.47
1.41 X 10-18 4.2
4.85 X 10-19 4.47
2.25 X 10-18 17.24
0.98
1.65
113
22. Os + Og-^Og + Og
2 3 .  o ;  +  o - ) o ;  +  O g
2 4 .  0 ; + 0 g ^ 0 g + 2 0 g
Detachment
2 5 .  O + 0 - > 0 g  + G
2 6 .  O + 0 g ” > 0  +  0 2  +  G
2 7 .  O + O g C ' A J - ^ O g  +  e
2 8 .  O g  +  O - ^ O g + G
2 9 .  0 2  +  0 g - » 2 0 2  +  G
3 0 .  0 i + 0 g ( ‘A J - ^ 2 0 2 + G
Electron-ion recombination
31. / o '
G +
4 X 10"!^
0 +  0
lon-ion recombination
3 2 .  / ' Q - \  /  0 +
Atom recombination
3 3 .  2 0  +  O 2 - + 2 O 2
3 4 .  3 0  -> O + Og
3 5 .  0  +  2 0 2 - > 0 g  +  0 ;
3 6 .  0  +  0 g - > 2 0 gwa l l
3 7 .  2 0  -> Og
Vibrational Excitation of O2 
Notes on Table:
4 X 10" 10 cm3s"l
6 X 10" 13 cm3s"l
3.0 X 10"10 cm3s"l
~3 X 10" 10 cm3s"l
5.0 X 10"10 cm3s"l
~2 X 10" 10 cm 3g"l 
<10"7 cm3s"l
40"7 cm3s"l
2 . 3  X  1 0 " 3 3  c m 6 s " l
1 . 5  X  1 0 " 3 4  c m 6 s " l
2 1 0 0
1 . 9  X  1 0 " 3 5  e  c m 6 s " l
4 7 9 0
2.0 X 10" 11 e cm3s"l 
Y= 1 . 6 x 1 0 " 4  to 1 . 4 x 1 0 " 2  
(T = 2 0  -  6 O O O C )
8 . 3  X  1 0 “ 1 0  c m 3 $ - l
7  X  1 0 - 1 6
7  X  1 0 - 1 6
0 . 1 9 6
1 Most ionic reactions in this table are exothermic. The endothermie reactions are; 12, 
13, 19, 26, and 29. For these reactions to occur the ion energy must be sufficient to 
exceed the activation energy of the reaction.
2 The constant y  under equation 37 is the recombination coefficient, and is related to the
reaction rate by A: = y ( c /d )  where c is the average molecular velocity and d is the diameter 
of a cylindrical tube.
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APPENDIX B Total Collision Cross-Sections of Oxygen a t 200eV 
The data in the table below is taken from Ajello and Franklin (1985).
Process Product Cross Section
(10 -17 cm 2 )
Ionization
Dissociative ionization
Dissociative ionization excitation in 
extreme UV from allowed states
Total UV 380-1310Â
Total UV 380-1400A
Total UV 380-1400À
02+ (200eV)
0+  (200eV)
0+* (200eV) (allowed states 
above 4eV from ground state)
O*, 0 +*, 0 ++* 
O*, 0 +*, 0 ++*
O2*, O2+* molecular emission
26
9.9
0.45
1.08
1.78
0.0
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APPENDIX C Diagnostic Techniques in Plasmas
C .l Laser Induced Fluorescence
Laser induced fluorescence (LIF) is an optical diagnostic technique which directly 
monitors ground state populations of gas phase species. A tuneable pulsed laser (usually 
nitrogen, excimer, or Y AG pumped dye laser) is used to selectively excite the species 
of interest in a small volume from the ground electronic state to a specific level in 
an electronically excited state. The fluorescent emission, as the species de-excites 
back to its ground state, is then measured using a monochromator and photomultiplier. 
This emission is a monitor of the ground state concentration.
In general, laser induced fluorescence is much less prone to systematic error than 
optical spectrometry since it directly monitors ground state populations, and it has 
been applied to monitor free radicals like CF% and CCI; etch products such as SiN, 
SiO, and SiF; and molecular ions like CI2+ and N2+ in plasma environments (Walkup 
1984).
The application of LIF techniques relies on the existence of a suitable energy level 
which is both accessible to laser radiation and gives rise to fluorescence. The first 
of these criteria is particularly difficult to satisfy for free atomic species, the most 
abundant active discharge species. The reason for this is illustrated by Fig. C.l which 
is an energy level diagram for the O atom, showing the lowest three triplet states. 
Similar diagrams pertain for nearly all the atoms in the first two or three row of the 
periodic table. The lowest energy allowed optical transition, ^P2 ^-Sq, corresponds
to a wavelength of 130.2nm. DiMauro et al. (DiMauro 1984) point out the lack of 
convenient tuneable lasers operating at these short wavelengths as the reason that LIF 
on such atoms has not been performed in rf  plasmas. They get around this laser 
wavelength problem by utilizing two rather than one photon excitation to reach an 
excited state. The first two-photon allowed transition in O occurs at 226nm. The 
fluorescent de-excitation can be monitored at 845nm.
The excitation cross-sections for two-photon transitions are significantly smaller than 
single-photon ones. Consequently, noise from the plasma glow becomes a problem.
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Fig. C.l Energy levels of O atoms involved in the LIF excitation and detection scheme. The fine structure splitting of both states is exaggerated for clarity
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DiMauro and co-workers reduced the noise signal with a combination of spatial 
filtering and also firing the laser at a time when the applied rf  voltage crossed zero 
- since the r f  frequency was only 80kHz the plasma extinguished at this cross-over 
point, reducing the background noise. A detection limit of <1.2x10^^ atoms/cm^ was 
demonstrated with the prospect of decreasing this limit to lO ll atoms/cm^.
Dôbele et al. (1986) also report the use of LIF to measure the concentration of atomic 
oxygen. Rather than using a two-photon process of excitation they stimulate a 
single-photon transition directly using stimulated Raman scattering from hydrogen. 
Their measurements are made downstream of a microwave discharge of 100:1 He:NO 
using fluorescence signals from oxygen stimulated emission at 130.2nm (3^5? -4 
130.4nm (3^5® -4 2 ®P,), and 130.6nm (3^5? -4 2®Po). Concentrations in the range 10^0 
to lO ll O atoms/cm^ were measured.
If  the formation and decay rates of plasma species are comparable or faster than the 
rf  frequency, time resolved LIF can become a valuable extension o f the tim e-averaged 
technique. Time resolved LIF has been investigated by Gottscho and M andich (1985) 
to measure plasma formation and decay rates, and concentration gradients. A schematic 
diagram of a typical LIF apparatus is given in Fig. C.2.
LIF can also be used to measure time resolved field strengths in r f  discharges (Gottscho 
1984, Dreyfus 1985). The method is based upon analysis of the rotationally resolved 
fluorescence from a diatomic radical following excitation of a specific rotational 
transition. In the presence of an electric field. Stark mixing of the electronic energy 
levels occurs. The intensity of the new transition excited in the electric field is a 
measure of the field strength.
LIF is a powerful technique, but its application relies on the existence of a suitable 
energy level which is both accessible to laser radiation and gives rise to fluorescence. 
The first of these criteria is particularly difficult to satisfy for free atomic species, 
the most abundant active discharge species. In addition, LIF requires considerable 
expertise and expensive equipment rendering it very much a research tool.
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C.l Optical Interferometry and Related Techniques
When monochromatic light is reflected from  a layered structure whose transparent or 
sem i-transparent upper layer is being etched, the intensity of the reflected signal 
varies periodically, owing to interference between the light reflected from the front 
and back surfaces of the layer. This periodic signal can be used as an end point 
detector (Heimann 1984, Deaton 1987). The absolute thickness of the film  can be 
determined exactly provided that the refractive index of the top layer, the wavelength 
of the incident light, and the angle of incidence are known.
This technique has the major advantages of being non-invasive and cheap to employ 
and a simple endpoint detector may be constructed using a combination of a suitable 
filter and photodiode (Curtis 1980).
An obvious restriction of interferom etry is that it can only be applied where the etched 
layer is transparent. Where this is not the case it may still be used if reflective 
structures which are not etched can be incorporated onto the surface. In this case, 
the periodic signal is obtained by interference between the reflected signals from the 
etched surface and the non-erodible structures.
Two other optical techniques used for end point determination are worth mentioning. 
The first of these uses a diffraction grating produced lithographically on the surface 
of the wafer. A laser is reflected off the grating to give a clear indication of endpoint 
(Mendes 1985). The second technique is ellipsometry. Unlike interferom etry, the 
refractive index of the transparent material does not need to be known to determine 
the layer thickness. Ellipsometry yields measured values of both refractive index and 
thickness but requires a computer system and special adaptations to the vacuum system 
to avoid unwanted contributions to the polarization of the light beam. This technique 
is discussed in more detail by Haverlag (1989) but is generally too slow for real time 
measurements.
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C.3 Microwave Interferom etry
Microwave cavity techniques may be used to measure electron density and collision 
frequency in plasmas. The electron density range in plasma is too large to be subjected 
to measurements with only one method; hence, the range is covered by using several, 
but overlapping methods including:
1. The microwave interferom eter.
2. The open microwave cavity (Fabry-Perot).
3. The closed microwave cavity.
Both method 2 and method 3 are more sensitive than method 1 but, the latter is limited 
to electron density measurements below lO^cm"^ and both are complicated to 
implement (Persson 1971). Microwave interferom etry is the most basic and reliable 
of these techniques and involves measuring the phase shift undergone by a microwave 
probing signal passing through the plasma, with and without the plasma.
In practice, rather than turning the plasma on and o ff to determine the phase shift 
of the microwave signal, a microwave bridge is more frequently used consisting of a 
free space reference arm and a plasma arm. The average electron density, n * is  related 
to the differential phase shift A 4> caused by the plasma by:
_ f  2 c(J0£q^ ....2.4.9
where œ is  the angular frequency of the plasma. Ip is the length of plasma through
which the beam passes, c is the speed of light, eo is the perm ittivity of free space, 
and e is the electronic charge and the electron-neutral collision frequency is given 
by:
^  _ (A>>/1 -  (cA(f)/a)/)
8.686
A (dfi)
A(j)
...2.4.10
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where A(dB) is the insertion loss of the microwaves traversing the plasma (Hebner 
1988). In practice, the measurement of true plasma attenuation is difficult as the 
microwaves tend to scatter and/or couple to the many plasma modes.
The electron tem perature can also be calculated from the microwave noise power, 
produced by nearly instantaneous changes in electron velocities by collisions 
(Bremsstrahlung), and thus the power is related to the electron velocity distribution. 
If that distribution is Maxwellian, the amount of power radiated into one electro­
magnetic mode in a frequency band d f  is given by:
P / = ( A : r ,d / ) e ( / )  ....2.4.11
where e ( / )  is the emissivity of the plasma at frequency /  which is also equal to the 
absorbivity.
C.4 Param agnetic Resonance
To gain a better understanding of the processes occurring in plasma reactors, it is 
useful to be able to monitor the reactive chemical intermediates produced in the 
plasma. Two closely-related, magnetic resonance spectroscopic techniques, electron 
paramagnetic resonance (EPR), and laser magnetic resonance (LMR) are well suited 
to the detection of atoms ion, and radicals at low concentrations (Cook 1988).
Both EPR and LM R depend on the fact that most reactive species of interest in plasma 
processing possess a significant magnetic moment. This moment arises from  unpaired 
electrons, unquenched electronic orbital angular momentum, or a combination thereof. 
The interaction of this atomic or molecular magnetic moment with an externally 
applied magnetic field fundamentally alters the quantum states of the atom or molecules.
Fig. C.3 is a simple block diagram of the components found in a typical gas phase 
EPR or LM R spectrometer. The radiation source is either a fixed frequency microwave 
source (EPR) or a far-in frared  laser (LMR). As the magnetic field is scanned, the 
separations of the Zeeman sublevels of the species between the poles of the magnet 
become coincident with the fixed energy of the radiation source, and its energy is 
absorbed. The amount of absorption and the magnetic field at which this resonance
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occurs can be related, respectively, to the number and type of species present. The 
energy level diagram for atomic oxygen showing the fine structure states 3?%, 3pj 
and 3pq is given in Fig. C.4. The EPR transitions are shown within the 3p 2 and 3pj 
states and LMR transitions for two different laser frequencies (2058.1 and 2027.8 
GHz) between the 3 p | and 3pQ levels.
The fundamental difference between EPR and LMR is the frequency of the applied 
radiation that drives transitions w ithin the atoms’ ground state. For EPR the microwave 
frequency is typically lOGHz, and for LMR the radiation frequency falls in the range 
103 to 10^ GHz. A limitation of EPR is that it obviously cannot detect species with 
no magnetic moment (e.g. 'EOgOr '4 0 3). LMR is a sensitive tool for the detection 
of transient species but identification can be difficult, particularly for polyatomic 
molecules.
This technique does not enjoy common usage in plasma processing but has been used 
for years in kinetic and spectroscopic studies of species. Consequently, there is a 
large body of knowledge available for application in plasma systems. EPR and LMR 
are particularly appropriate for monitoring downstream etching, simply by placing 
the spectrometer at the substrate location. Use in RIE type systems is more d ifficult 
since it is the effluent which is actually monitored.
C.5 Plasma Impedance Measurement
Indirect measurement of plasma electrical characteristics by impedance monitoring 
has been used to detect the endpoint o f etching reactions, study etch anisotropy, and 
to determine electron density and ion current.
The impedance can be measured in various ways. If the magnitudes , V  and / , and 
phase angle, 0 ,  of the rf  current and voltage are determined, the impedance, Z , is 
given by (Mlnyko 1985):
Z - 3 | p e ' '  ....2.4.12
6 9
68
LMR
EPR
UJ
- 1 5 7 .5
EPR- 1 5 9 .5
0 0 .5 1.0 1.5
0
A
T
O
M
MAGNETIC FIELD INTENSITY (T)
Fig. C.4 Energy level diagram for the oxygen atom showing transitions excited using EPR and LMR
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Owing to distortion of the waveforms from  a pure sinusoid at r f  frequencies, it is 
frequently d ifficult to determine the phase angle accurately which limits this method. 
An alternative approach is to use a vector impedance meter but this involves 
extinguishing the plasma.
A more convenient technique utilizes an operating impedance bridge. The impedance 
is determined by sampling the forward and reverse voltages on the transmission line. 
The bridge permits addition of resistance and reactance to the sampled signal until a 
null in the impedance is reached - determining the complex impedance of the load 
through the simple relation between the impedance and the resistance, R, and reactance,
Z ^ R  + j X  ....2.4.13
C .6 Temperature Measurement
Since chemical reactions, including those in plasmas are thermally activated, the 
measurement of temperature at the reaction surface is important.
The most straightforward techniques include; measuring the tem perature rise of the 
coolant flowing through the electrode upon which the sample is sitting, or embedding 
a thermocouple in the electrode. Unfortunately, neither of these techniques produce 
particularly accurate results since the thermal contact between wafer and electrode is 
poor (probably a three point contact). More accurate measurements can be obtained 
by thermally bonding the wafer to the electrode using an appropriate heat sink 
compound, or by embedding a thermocouple in the sample (Blair 1988), but neither 
method would be acceptable in a production environment.
A simple method of temperature measurement using therm o-chrom ic materials stuck 
to glass slides placed alongside the etch sample has also been reported (Manory 1986). 
This technique is inherently inaccurate since the transition temperatures of the materials 
are ill defined and the tem perature is given as a band between two dyes which react 
at d ifferent temperatures, one just above, and one just below the actual temperature, 
but it may be useful in production where simplicity is of the essence.
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A tem perature measurement technique which of particular use in rf systems is 
fluorometric thermometry. This technique is based on the tem perature dependence 
of the ultraviolet light-induced optical emission from a phosphor. The phosphor is 
applied as a coating to the end of an optical fibre, through which the ultraviolet 
stimulus is applied to the phosphor and the consequent fluorescence signal is read. 
Since the sensor is completely fibre-optic, it is possible to use it in r f  or microwave 
environments where conventional thermocouples, or resistance thermometers would 
suffer from problems of interference or dc isolation.
Fluorometric thermometry has been successfully applied in rf  argon plasma etching 
(Hussla 1987) to measure the local tem perature of the front surface of silicon wafers. 
Temperature measurements made with the fibre tip touching the wafer surface, gave 
misleadingly high tem perature readings owing to heating of the sensor tip itself, 
compared with readings taken with the sensor glued to the surface with photoresist. 
Similarly, the reproducibility of the tem perature attained by the front surface of 
nominally identical wafers under the same plasma conditions was extremely poor (from 
500C to 1200C). This spread of data was attributed to variable thermal contact caused 
by slight bowing o f the wafers. This study highlights the importance of good thermal 
contact in temperature measurement and indicates that this technique, like the other 
contact measurement techniques already mentioned, is unlikely to find its way out of 
the research laboratory. Another study by Visser (1989) of the tem perature rise of 
silicon wafers during plasma exposure indicates that the actual power density on the 
electrode is almost an order of magnitude less than the figure estimated conventionally 
from  the ratio of r f  input power to electrode area.
A technique, which allows non-contact measurement of tem perature and has been 
successfully employed in vacuum systems, is infrared pyrometry (Wheeler 1988). One 
problem of this technique is the unknown, and possibly variable, specimen emissivity 
but can be dealt with by focussing the instrument onto an area of known emissivity 
such as a graphite film painted on the sample surface. The need for a surface of 
known emissivity which does not degrade during processing limits the applicability
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of pyrometry but it does have the unique advantage of being able to measure the 
temperature of the front (reaction) surface of the sample without interfering with the 
process and can measure either temperature either locally or over the whole sample.
C.7 Quartz Crystal Microbalance
The use of the quartz crystal microbalance (QCM) as a monitor of film  deposition 
rate in all types of vacuum deposition technique is well known. QCMs can also be 
used in the reverse sense as etch monitors simply by deposition of the etch material 
of interest onto the crystal oscillator prior to placing in the etching system. This 
approach has been employed by Us, Sadowski, and Coburn (1986) to monitor the 
directionality of Si etching in a CF4 plasma. Their apparatus consisted of two QCMs 
mounted in a planar system in such a way that the potential of the microbalances with 
respect to the plasma could be varied. By operating one microbalance at ground and 
the other at a negative potential, this apparatus was used to rapidly simulate the 
sidewall (horizontal) and vertical etch rates, without the need to fracture the wafer 
to measure the etch profile.
C.8 Chemiluminescence
Luminescence near the surface of silicon wafers etched in the effluent of CF4-O 2 
and H e-F2 has been reported (Beenakker 1979). This luminescence in both cases was 
due to interaction of atomic fluorine with the silicon to form SiF2 at the surface and 
could be simply detected with an uncooled photomultiplier placed over the wafer 
surface. The luminescence from the SiF2 occurred primarily from the gas phase, the 
intensity being proportional to the square of the atomic fluorine concentration. The 
detection limit of atomic fluorine was lO^Z cm“^. Luminescence from metastable 
oxygen molecules has also been reported.
Monitoring of luminescence, providing as it does a means of measuring concentration 
of specific species, has potential for endpoint detection. Endpoint detection has been 
employed in photoresist stripping by monitoring the chemiluminescence from the etch 
product species CH (yl^A -% ^n(0 , 0 ) band) near 431.5nm and OH -  X^U) near 
306nm (Wang 1981). These two endpoint signals can be isolated with broadband 
interference filters and could therefore be used as a simple process detector.
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C.9 Absorption Spectroscopy
Absorption spectroscopy in the infrared, visible, or ultraviolet can provide spatial 
information and also quantitative values for absorbance, from  which the number 
densities of absorbing species can be calculated (Dreyfus 1985). Number density 
measurement is more straightforward than for optical emission spectroscopy or laser 
induced fluorescence.
Several types of radiation source are used for absorption spectroscopy. The first of 
these is a hollow cathode lamp containing the element of interest, used in conjunction 
with an optical chopper and lock-in detector (Greene 1978). The other alternative is 
a laser tuned to the absorption wavelength of interest.
The major drawback of absorption techniques is the lack of sensitivity relative to 
optical emission or LIF. This insensitivity is inherent since the absorption signal is 
the small difference between the incident and transmitted photon fluxes. M ulti-path 
systems can be used to improve signal to noise but, in general, absorption is only used 
to monitor relatively abundant species.
C.IO S tark Spectroscopy
The change in the energy levels of an atom caused by an external field is called the 
Stark Ef fect  (Schiff 1968). This technique can be used to measure both the electric 
field and the electric field gradient in a plasma. The plasma is probed with a tuneable 
laser beam which is used to excite the chosen species into a state where the Stark 
effect is seen and can be used to map the spatial distribution of field to a sensitivity 
of 20V/cm and field gradient without perturbation of the plasma (Shoemaker 1988). 
The measurement of Stark half-w idths may also be used to measure electron density. 
This is normally done by adding a trace of hydrogen to the plasma so that the strong, 
broad Balmer line //p can  be employed (Weise 1965) for electron densities from 10^5 
cm“3 and upwards. This technique does not appear widely used, probably owing to 
the expensive equipment required but offers potential as a supplement to conventional 
Langmuir probe measurement.
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C .l l  Raman Spectroscopy
Raman spectroscopy is a surface sensitive probing technique which has been used 
both in RIE systems and downstream. Asada and Mori (1986) report investigation of 
the mechanism of oxygen ion etching (this is discussed further in section 2 .5.3.3), and 
Lishan et al. (Lishan 1989) report investigation of damage to GaAs. Their measurements 
indicate that damage in the RIE of GaAs is located within in 300Â of the surface 
and that the width if this damaged region increased rapidly for dc bias exceeding 
—300V, with lighter mass ions inducing greater changes in the width of the damaged 
region than heavier ions. The Raman measurements also indicated that downstream 
etching of GaAs did not induce damage owing to the absence of energetic bombarding 
species. Raman spectroscopy is virtually unique among surface analysis techniques 
in that it does not require an ultra high vacuum for operation.
C.12 Photoelectric Spectroscopy
The photoelectric effect may be used as a monitor of surface conditions during an 
etching process. A pulsed ultraviolet laser is used to generate photoelectrons. If the 
photoelectrons originate from a plasma electrode, they are accelerated into the glow 
by the sheath field. This increased energy imparted to the photoelectrons gives them 
enough energy to produce secondary ionization. The resultant perturbation of is 
readily observable by measurement of the instantaneous plasma voltage. It is evident 
that the work function is material dependent and therefore this technique can readily 
be used for in-situ  diagnostics of physical and chemical changes to the surface. Studies 
of surfaces using photoemission can be found in Selwyn (1988) and Friedel (1984).
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APPENDIX D Line Assignment of Oxygen Emission Spectrum
The following table is an assignment o f the measured emission lines in the spectrum 
of an oxygen plasma with published data (taken from Weast 1972-73, and Pearce 
1941).
MeasuredWavelength
[A] O 0 +
Species
C++ 0+++ 0 2 +
540
555
600
617
644673
921
934948972976989
1026
1040
1077?1086?1153
1216
1304
922.008
935.193948.686971.738976.448988.773990.2041025.7621027.4311039.2301040.942
1152.152
1216
1302.1681304.8581306.029
537.83538.26539.09539.85
597.818599.598
644.148672.95673.77
553.330554.075554.514555.261
616.952617.005617.036
921.296921.366923.367 923.433
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MeasuredWavelength
[A] O 0+
Species
0++ 0+++ O2+
1670?1740?2608
33703580?38104240-4275
4417
4592
4649
5259
55865978
2nd Order of 1304
4233.27
3377.20?
3803.14?4253.744253.98 4275.47 4414.914416.98 4590.97 4596.17 4649.14 4650.84
3375.40?
5274.75295.75597.55973.48
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